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Two Picnometers of Increased Convenience and Precision 
Arnold Johnson* 


{ Received 1 


Two picnometer designs that 


to the capillary tubes and reservoir 


area, 
setting of the liquid level. The 


range 5 to 70 °C; 
usable only 


above room temperature, the 
over the range 


40 to 50 °C. 


of 50 to 70 ml internal volume, 


Many picnometers are inconvenient to use in that 
au great deal of time and care must be taken in the 
cleaning and drying of the surface of the overflow 
region after the contents have been brought to the 
desired temperature.'. Two picnometers have been 
developed which provide ready access to the over- 
flow region. The ease of manipulation and inherent 
precision of these designs when used as described in 
this paper have been established through a series of 
calibrations with air-free water.* 

The earlier 


(1950) of these two designs, 
ie 2 


that of 
Collett, is shown in figure 1. 


While the 


reservoir of this picnometer is more readily accessible 
than that of most conventional picnometers, some 
difficulty is experienced, 


especially with viscous 
liquids, in cleaning and drying the reservoir. The 
Collett design was therefore modified by the author 
(1961), as shown in figure 2, a removable reservoir 
being used. With a removable reservoir the capillary 
tubes can easily be wiped clean (using solvents, if 
necessary) after the reservoir has been slipped off, 
and the possibility of solvents entering the capillaries 
is greatly reduced. The Collett picnometer has been 
successfully used, in normal practice, from 5 to 70 °C 
The author’s picnometer is limited to use above 
room temperature, no provision being made at pres- 
ent for retaining the liquid that would expand upon 
a temperature rise. 

Borosilicate glass was used in the construction of 
both picnometers, careful annealing, followed by 
aging for several months, being necessary to insure 
dimensional stability. The top of the inside of the 
body of both picnometers was streamlined to diminish 
the possibility of bubbles becoming entrapped during 
filling. The glass at the junctions of the tubes on 
the inside of the reservoir of the Collett picnometer 
was smoothly rounded to facilitate cleaning and the 
top surfaces of the capillary tubes of both picnome- 
ters were ground to make the tubes equal in height. 

*Present address: David Taylor Model Basin, code 755, Washington, D.C. 
! For example, see some of the picnometers illustrated in NBS Cire. 487 (Mar 


1950) Density of Solids and Liquids, P. Hidnert and E. L. Petfer, and reprinted 
in Vol Il of NBS Handbook 77, p. 659/1. 
The density of water was taken from NBS Circular 19, Standard Density and 
Volume tric Tables. The table on page 47 was used for determinations below 
41°C. Inusingthe table on page 46 for the determinations above 41 °C, values 
were assumed exact to 7 decimal places. 


June 


increased 


provide 
determination of the density of liquids are discussed. 


; with a Collett picnometer recently modified by the 


1964 


convenience and precision in the 
Both designs provide ready 


access 


thus facilitating the removal of excess liquid and 
standard deviation of 
using the earlier of these devices, the Collett picnometer, 


a series of calibrations with water 
was 0.001 ml to 0.002 ml over the 
author and presently 


standard deviation was 0.0002 ml to 0.0005 ml 
(The weighing procedure used to calibrate the 
eter differed from that used with the Collett picnometer. 


author’s picnom- 
These data apply to picnometers 


A reservoir for the author’s picnometer can be 
made from a rubber stopper by working a cork borer 
part way into the stopper (a No. 61: rubber stopper 
and a 1 diam. borer were used in this work) 
turning mene Pagar the rubber on the outside and 
cutting across the cylinder of rubber exposed in the 
center. The holes for the capillary tubes 
cut through the remainder of the stopper, 
in figure 2. The usual rubber stoppers work well 
with water and many other liquids; other flexible 
materials may be used with liquids that are con- 
taminated by the usual rubber stoppers. 

The manipulations of each of the picnometers, 
i.e., cleaning, filling, and weighing, were almost 
identical both for the calibration of the instrument 
and for its use in determining the density of a liquid. 

The Collett picnometer was prepared for use by 
careful cleaning. The interior was blown dry with 
air “ys at had been passed successively through sulfurie 
acid and calcium chloride. The exterior was first 
wiped with cheesecloth soaked in ethanol and then 
wiped with lens tissue. The clean picnometer was 
then exposed to ions created by a polonium strip to 
remove external electrostatic charges. 

The picnometer and its cap were then suspended 
below one pan of a balance, a similar counterpoise 
picnometer of nearly equal mass and volume being 
suspended from the other pan. The use of a counter- 
poise picnometer reduces the number of measure- 
ments and simplifies caleulations.? A metallic 
counterpoise weight was put on the pan holding the 
counterpoise picnometer, and mass standards were 
added to the other pan to achieve a balance. 

The picnometer was filled through a funnel which 
Was attached by a short piece of plastic tubing to the 
glass tube extending into the interior, the latter 
being necessary to prevent direct loss of liquid out 
the other capillary during vacuum filling. Enough 
liquid was added to the reservoir to cover the tubes. 

With the ground glass stopper in place, the pic- 
nometer Was immersed in a water bath so that the 
surface of the water was slightly below the top of 


are then 
as shown 


Sil mpl lification of calculations in routine 


density and volumetric d 
tions, C, T 


Collett, J. Res. NBS 52, 201 (April 1954) RP 2489 











FicgurE 1. Collett picnometer. 


the reservoir. The bath can be controlled to within 
25 


+ 0.002 °C at 25 °C; the ability to control decreases 
gradually to about +0.004 °C at 70 °C. 

After the picnometer and contents attained the 
temperature of the bath, most of the liquid in the 
reservoir was removed with a syringe. Small 
absorbent swabs were used to clean and dry the 
reservior and to set the liquid level even with the 
top of the capillary tubes. The picnometer was 
then removed from the bath and externally re- 
cleaned and reexposed to a polonium strip as before. 
It was put back on the balance and mass standards 
were removed from its pan until a balance was 
achieved. Barometric pressure, temperature, and 
relative humidity were recorded at the time of the 
final weighing to permit calculation of the air 
density to be used in buoyancy corrections. 

During the calibration of the author’s picnometer, 
the procedures were similar to those described except 
for weighing. The method of weighing using a 
counterpoise picnometer, although decreasing the 
number of measurements and_ simplifving the 
calculations, is a substitution weighing in which 


]J— cerytic plug 


—Tefion 





__ rubber 
reservoir 
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FigurE 2. Author's picnometer. 

several hours pass between the first and second 
halves of the weighing. As the rest point of a 
balance can change with time, this delay may lead 
to errors. To avoid these errors, no counterpoise 
picnometer was used when calibrating the author’s 
picnometers. A substitution weighing with a mini- 
mum delay between each half of the weighing was 
used to determine the mass of the empty picnom- 
eter. The same procedure was followed to de- 
termine the mass of the picnometer and its contents 
after being filled. Buoyancy corrections were ap- 
plied in both weighings. 

After determining the mass of the empty picnom- 
eter, the rubber reservoir was slipped over the 
capillary tubes, and the picnometer was filled in 
the same manner as the Collett picnometer. In 
the temperature bath a plastic cover rested lightly 
on top of the reservoir. When thermal equilibrium 





was reached, most of the liquid was removed from 
the reservoir by a syringe, the liquid level in the 
capillaries was set, the picnometer was quickly 
removed and the body of the picnometer was im- 
mersed in cool water. The liquid rapidly retreated 
down the capillaries, and small tapered plugs (in 
this work, drawn from \i5 diam. rods of acrylic 
plastic), whose mass had been separately determined, 
were inserted tightly into the tubes. The rubber 
reservoir was carefully removed and the picnom- 
eter was cleaned, exposed to a polonium strip, and 
weighed as previously described. 

To demonstrate that the acrylic plugs kept the 
evaporation loss to within the precision of the balance 
during the time required for the weighing. the filled 
picnometer was weighed three times over a period of 
about 2 hr during the calibration. Statistical tests 
indicated that during this period no detectable loss 
of mass occurred. Over extended periods, however, 
some evaporation can take place, with up to a milli- 
eram being lost overnight. (A few overnight 
of the Collett picnometer indicated a somewhat 
greater mass loss. However, the rate was such that 
during the relatively short period required for clean- 
ing and weighing, the total loss was of no 
quence.) 

For a period 


tests 


conse- 


10 or 15 min after each cleaning, 
the picnometers, empty or filled, increased in mass 
by about 1 mg. ‘This increase in mass was assumed 
to be moisture being readsorbed onto the surface of 
the picnometer. Weighings of the picnometer, 
empty or filled, were performed at least 30 min 


after the picnometer had been cleaned, ionized, and 


suspended from the pan of the balance. 

At 50 °C and above, the procedure with the 
author’s picnometer was modified to reduce evapora- 
tion from the capillaries. While the picnometer was 
still in the bath, and after one tube had had its 
liquid level set, a Teflon cylinder (see fig. 2) with a 
small hole in the top was slipped over this tube, and 
a tapered acrylic plug loosely fitted into the hole. 
The other tube was similarly capped after its liquid 
level had been set. The picnometer was then re- 
moved from the bath and immersed in cool water, 
the Teflon cylinders removed, and the capillaries 
plugged as before. 

For work with both picnometers at about 50 °C or 
above, it is necessary with some liquids, especially 
water, to inhibit the formation of bubbles. This 
was done by having the liquid in the picnometer at 
a temperature higher than that of the bath at the 
time of immersion. (By using this technique, one 
set of Collett picnometers has recently been cali- 
brated successfully at the National Bureau of 
Standards to as high as 85 °C.) 

Recent tests indicated that interior electrostatic 
charges, created by the passage of dry air, can lead 
to slight inaccuracies in the determination of the 
mass of an empty picnometer. Apparent changes of 
up to 1 mg occurred when using air passed through 
sulfuric acid and calcium chloride; when super-dry 
nitrogen was use «d the change was 2 mg or more. The 
use of a counterpoise picnometer during the calibra- 


TABLE 1. Results of the calibration of the picnometers 


Temperature or 
range of tem- 
perature at 
Which calibrated 


Picnometer 
designation 


Nominal 
capacity 


Standard 
deviation 


Collett 


40) 
40) 


* Standard deviations over temperature intervals compute: 
of a least squares fit of a straight line to the data 
Pooled estimate of standard deviations 
* Tops of capillary tubes hemispherically shaped 


tion of the Collett picnometer before the importance 
of internal electrostatic charges was fully 
provided a possible additional source of error. 

The experimental results in the calibration of the 
author’s picnometer did not indicate the same 
weighing problem mentioned above when the picnom- 
eter was filled with water. Assuming electrostatic 
charges to have been on the interior surface, they 
were conducted away during the filling through the 
stream of water between the picnometer the 
flask from which water was being poured. 

A vacuum drying technique in which the picnom- 
eter Was maintained at a pressure of about 5 mm of 
Hg for at least 3 hr at room temperature was tried. 
(lonization of the air inside the pienometer did not 
seem practical with these picnometers because of the 
‘apillary entrances.) After removal from the vacuum 
the picnometer was weighed. Successive weighings 
sometimes indicated that the mass was increasing; 
however, successive weighings on the following day 
always indicated that the mass had become constant 
to within the precision of the balance. The gain in 
mass was probably due to the readsorption of vapors 
and which had been lost under vacuum; 
therefore, it would appear to be advisable to perform 
weighings of the empty picnometer, externally 
cleaned and exposed to a polonium strip as usual, 
on the day following removal from the vacuum. 

Table 1 shows the standard deviations achieved 
in calibration at different temperatures with piec- 
nometers representing both designs.t. The small 
standard deviations achieved with the author’s 
picnometer may be the result of one or more of the 
following considerations: (1) the feature of a re- 
movable reservoir, (2) the different weighing pro- 
cedures used (delayed substitution with Collett 
picnometer, immediate substitution with the author’s 
picnometer) and, (3) the weighing problem which 


realized 


and 


wases 


‘The st indard deviations over temperature intervals were computed from the 
residuals of at least squares fit of a straight line to the data A mn nts I 
brations of both picnometers were performed over a period ¢ 
from several weeks to several months 


e call- 
me w ( asted 





appeared to be created by electrostatic 
inside an empty air-dried picnometer. 
The Collett design has been in continuous use at 


charges 


the National Bureau of Standards for over 10 vears | 


in the determination of the density of submitted 
samples. Examples of the reproducibility ob- 
tained using Collett picnometers are listed in table 
2. In general, the reproducibility is not as good for 
volatile liquids as for the nonvolatile, as would be 
expected. The author’s picnometer is rather new 
and has yet to be tested with liquids other than 
water. 


TABLE 2. with the Collett 


determinations 
picnome ter 


Results of density 


Name or ¢ de ‘scrip- 
tlor : mitted 


Nominal deci! I 
temperature at center of 
range temperature 
Tange 


Degrees of 
freedom 


Standard 
deviation + 


qg ml 

0. 000006 
. 000004 
. 000014 


Rapeseed oi 10-20 
Octoil S ‘ 20-30 
N-Oil b__. 55-65 
Manometer fluid 20-35 . 000305 
Manometer fluid... 27-38 : . 000086 
Chloroform 22-28 : . 001577 
Toluene : 16-32 . 000058 
Silicone fluid_. 7 “000022 | 
2-ethylhexane 15-25 . 000032 | 
Ethanol._.. 18-29 000024 | 
Sea water 4 


65-75 


© , 000046 

* Standard deviations over temperature intervals computed from the residuals 
of a least squares fit of a straight line to the data. 

b NBS standard viscosity sample. A description of all N BS standard materials 
can be found in Mise. Publ. 241, Standard Materials, available from the Super- 
intendent of Documents, U.S. Government Printing Office, Washington, D.C., 
20402 

¢ Pooled estin 


iate of standard deviation based on 10 samples 


Two Collett picnometers have recently been recal- 
ibrated at temperatures above room temperature 
using tapered acrylic plugs and Teflon cylinders to 
reduce evaporation at 50 °C and above, and using 
the counterpoise picnometer method of weighing. 
The standard deviations obtained were comparable 
to those for the Collett picnometer listed in table 1 

A modification that was tried recently, and which 
seems promising, is the use of capillary tubes that 
have a ground hemispherically shaped top. With 
water, at least, the menisci are practically self-set- 
ting, since during the experiment no wiping of the 
capillary tubes was performed (see last item in table 
1). Another possible modification is the use of fused 
quartz to decrease thermal expansion and the inclu- 
sion of a radioactive material in the quartz to 
eliminate electrostatic charges. 

The advantages of the removable reservoir of the 
author’s picnometer can be better evaluated through 
density determination of different types of liquids 
after the calibration has been extended over a wider 
temperature range. For use below room tempera- 
ture, it will be necessary to provide expansion cham- 
bers, perhaps made of Teflon, that will attach to 
the top of each capillary tube, the reservoir then 
being removed by destruction. A removable reser- 
voir will greatly reduce the problem of drying con- 
densation when the picnometer is used below the 
dew point. 


The author expresses his appreciation to C. T. 
Collett for many helpful discussions and to William 


Gallagher for techniques and data on the Collett 
picnometer. 


(Paper 69C 1-178) 
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Construction of a Michelson Interferometer for Fourier 
Spectroscopy 
Howard N. Rundle* 


(June 29, 1964) 


The properties of the method employing a double beam interferometer for Fourier spec- 


troscopy are briefly presented. 


at any resolving power up to about 10°. 


1. Introduction 


Michelson [1,2]! showed the usefulness of the inter- 
ferometer that bears hisname. He showed that the 
intensity of the light measured at the output of his 
device is the Fourier transform of the incident opti- 
cal spectra. Lord Rayleigh [3] showed how the ob- 
servation of the visibility of the fringes could give 
the spectral profile of a symmetrical line. With the 
development of infrared detectors, Rubens and 
Wood [4] measured an “interferogram” and calcu- 
lated a spectrum from this. The interferogram is 
the output measured from a Michelson interfer- 
ometer. 

Because of the availability of modern computers, 
this method has recently been revived [5,6, and 7]. 
Connes [8] has presented a detailed theory of the 
complete method. The following presents a brief 
outline of the properties of the method, and a de- 
scription of an instrument with design criteria. 


2. Properties of the Method 


Figure 1 shows a schematic of a Michelson inter- 
ferometer. Light from an extended source is col- 
limated by lens Z,. The separating plate, S.P., has 
a reflectance and transmission of one-half and the 
reflected light from mirrors ./, and M, is recombined 
by S.P., thereby forming circular fringes which are 
focused by lens Z, at the exit aperture. This 
aperture isolates the central fringe and a detector 
then detects the resultant intensity called the 
interferogram, /(5), where 6 is the path difference 
2(d.—d,)n; and n is the index of refraction. The 
fringes of such a double beam interferometer are 
described by 

F'(6)=B cos? (208) 


=? 


= + Cos (27096) | (1) 


where B is the intensity of the incident monochro- 


matic radiation of wavenumber oy. If a spectrum 


* Department of Physics, University of Saskatchewan, Saskatchewan, Canada. 
1 Figures in brackets indicate the literature references at the end of this paper 


A Michelson interferometer is described which is suitable 
for use in Fourier spectroscopy in the 1 to 10 micron region. 


The instrument can be used 


B(c) is incident on the interferometer, instead of a 
monochromatic spectrum, the interferogram is given 
by the sum of many such fringes or 


[(6)= 


v0 


B(c) cos (2205)de, 


where the d-c term is dropped. That is, /(6) is the 
cosine transform of the incident spectra. 

The interferogram, /(6), is measured as a function 
of 6 and the spectrum B(c) is given by 


B(o)= I (6) cos 2raddé. 


Since it is physically possible to vary 6 from 0 to 


| only 6, one calculates 


a x Sad 
I (6) cos 2ra6dé 


B’ (a) | 


J 0 


which may be written as 


> 


= | A(6)I(6) cos 2x06d6 


B’ (oc) 


Sanat | 


—-_ 


Miche lson inte fe rometer 








FIGURE 





where 


me a(d), 0O<6 <byy 
A(6) 

ie elsewhere. 
a(6) can be taken as unity, but it is desirable to in- 
troduce a function for apodization. B’(c) is an ap- 
proximation to the actual incident spectrum B(c) 
and can be calculated by an analog or digital method. 
The analog methods are useful for Jow resolving power 
(less than 1000) and at present digital methods must 
be used for higher resolving powers. 

In an actual interferometer, flux is measured which 
implies that there are off-axis rays defining an angular 
field of solid angle Q. If these off-axis rays are 
considered [8], 





) 
»” > 
I (a) B 


where B signifies the value obtained when B is 


of . =. ; 
smeared over a width of =~ ;1.e., B is the convolution 
-T 
of B with a slit or rectangle of unit height and width 
ao.) > ; 
5 ‘“*’ stands for the convolution product and 
<7 


T. { A(6) 


is the cosine transform of A(6) or 


= an . sin 27064 : 
(6) T’.[a(6) a ° (6) 
2706 4 


: : — Qo 
As B(c) is smeared over a slit of width >— the 
Tv 
q) 


2r 


resolution limit is Ac - or if R, is the theoretical 


resolving power, 
OR ,=2s. (7) 


sin 2rrby0 ° 1 
‘ bY IS 9) ; 
276 wo 26 
Therefore, if a(6)=1, an optimum condition results 
if the resolution limit is also given by 


From (6), the half width of 


| 
Ao ° (3) 


26 


If a(6) #1, but is some function chosen to reduce 


» > sin 2rbyo . ° ° » 

the feet of - » i.e., apodization is performed 
2rbywo 

the half width 


; ie 
(6) is close to — 7.e., 
On 


[8], then of the apodized function 


Ago F . (9) 
M 


and (8) or (9) determine the maxi- 
mum path difference and the output aperture 
diameter which are to be used. It should be 
noted that the theoretical resolving power R, 
is reduced to about 0.72, when (7) and (8) or (9) 
are considered. 


Equations (7) 


In the above discussion, single-sided transforms 
have been used (i.e., integration from 0 to ©). 
In this method, /(6) is measured from 0 to dy, 
and the assumption is made that if /(6) was measured 
from 0 to —é,, the same result would be obtained. 
This is true only if the zero path difference occurs 
at the same place for all wave numbers. If this 
is not the case, one must know this phase shift 
(as it is called) and use it to find the zero path 
difference for each wave number. The same result 
can be accomplished by measuring /(6) from — dy 
to 0 and to +é6,. Then double-sided transforms 
(i.e., integration from —o to +o) are used. The 
same conclusions as stated in this section are ob- 
tained. 

It is useful to point out some of the properties 
of the method. If B’(e¢) is calculated from an 
interferogram that is digitized at every step h of 6, 
one must assume that h<5" where the incident 

“OM 
spectra is nonzero in the region from 0 to oy only. 

However, when noise is present, 4 must be smaller 
vet. In fact, if an R.C. time constant 7 is emploved, 
then for the best signal to noise in B’(o), h=7r 
[8], where A is measured in seconds and the spectra 
is a function of frequency. In all the previous 
discussion, the path difference 6 can be replaced 
by time ¢ and the wave number o can be replaced 
by frequency v. When h r, the spectral range 
in frequency units is from 0 to 5 
“TT 

A calculation of the signal-to-noise ratio obtained 
in the calculated spectra is complicated and the 
exact theory is not fully understood. However, the 
case when one is observing a monochromatic line 
only, has been presented [8]. In general, the signal- 
to-noise of the calculated spectra is 


ee m5 10) 
= og ( 
A spectra \ Pa 
where 7’ is the total time for one sean, B is the 
amplitude of the observed spectral element, and 
é is the noise amplitude. 

In the case of a scanning instrument (i.e., 


spec- 
trometer or Fabry-Perot) 


BAY , T 
(y Deane ® FY Ve (11) 


S 


where the time a is spent measuring each of the 
spectral elements. Hence, if £ is independent of the 
amount of incident radiation on the detector, as is 
the case for present day infrared detectors, the gain 
in the signal-to-noise which is realized with the in- 
terferometer is ,.M over that of a scanning instru- 
ment of the same light-gathering power, resolution, 
and detector. This gain is often referred to as 
“Fellgett’s Advantage’ since he was the first to 
point out this gain [5 and 6]. This is the only reason 





for building such an instrument and can be a powerful 
reason for weak sources. 

In the case where the noise from the detector is 
due to signal photons (as for the photomultiplier 
tubes in, the visible) then £ is proportional to the 
square root of the incident radiation and the same 
signal-to-noise is obtained from the interferometer 
and above equivalent scanning instrument. The 
Michelson interferometer should not be used for 
general applications in this region. 

A comparison of the usefulness of the Michelson 
interferometer with other interference techniques is 
presented by Jacquinot [9]. 


3. Construction and Design of a Michelson 
Interferometer 


3.1. General Description 


It has been shown that a Michelson interferom- 
eter is useful in the infrared for obtaining optical 
spectra. Such an instrument has been built and 
will now be described. Figure 2 shows the optical 
and electronic layout. Several plane mirrors which 
only change the direction of the light beam, are 
om'tted and focusing mirrors are shown as equivalent 
lenses for simplicity. The instrument was built to 
be used in the 3 to 4 uw region with a detector of lead 
sulfide or lead selenide. The maximum path dif- 


ference available is about 80 cm and the aperture is 


@-MONOI!SOTOPIC 
MERCURY LAMP 


8 cm diam. The instrument was evacuated so that 
the index of refraction would be unity for all wave- 
lengths. The source was imaged by spherical 
mirror F, onto the entrance aperture. Off-axis para- 
bolic mirror F, collimates the light for the interfer- 
ometer. The separating and compensating plates 
are mounted together for convenience. One arm of 
the interferometer has mirror MM, and the other arm 
has a cube corner, C.C., and mirror !M,. The cube 
corner slides on machined ways and has the property 
that light rays enter and leave it in parallel paths 
regardless of the cube corner’s orientation. Its 
motion is controlled by a hydraulic system. 
Off-axis parabolic mirror F; focuses the fringes onto 
the exit aperture behind which sits the detector. 
The mirror F;, the output aperture, and the detector, 
are at liquid nitrogen temperatures. The mirror \V/; 
is half-silvered and is used for introducing into the 
interferometer light of wavelength 5461 A from a 
mercury lamp for the purpose of alinement. A high 
intensity mercury lamp is used for the coarse adjust- 
ments, and a monoisotopic mercury lamp excited by 
a microtherm unit and cooled by ig air, 1s 
used for the fine adjustments. Mirror is slid 
to one side when the source is observed. sy inter- 
ference filter can be placed at the entrance aperture 
or at the exit aperture if a cold filter is desired. 
Radiation from the source is chopped at 640 c/s 
for discrimination against radiation emitted by the 
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FIGURE 2. 


A schematic of the constructed Michelson interferometer. 





optical components. The chopped interferogram is 
amplified and detected in a phase sensitive detector, 
the reference being derived from the chopper. A 
d-c amplifier supplies the correct signal voltages for 
the digitizer-paper punch unit and for the strip chart 
recorder. Care is taken that the only phase shifts 
in the electronics is in the R-C time constant after 
the phase sensitive detector. 

Another Michelson interferometer is used to measure 
the path difference which has the cube corner as a 
common element with the main interferometer. 
This second interferometer is situated below the first 
interferometer. The 5461 A line from the previously 
mentioned monoisotopic mercury lamp is used. 
Thus, this becomes a reference wavenumber or 
frequency. The fringes are detected by a photo- 
multiplier and are used to tell the digitizer when to 
take a reading. These reference fringes are also 
recorded on the strip chart recorder. A similar 
technique was first used by Connes and Gush [10] 
and is now employed by many people, e.g., Gebbie, 
Habell, and Middleton [11]. Some of the more 


interesting design details will now be pointed out. 


3.2. Cube Corner 


employing one cube corner in a 
sionaeme interferometer was first suggested by 
Murty [12]. The design of using one cube corner, 
instead of two, is superior, as pointed out by Murty, 
due to the elimination of large lateral shifts of the 
fringes when the cube corner moves. The small 
fringe shifts present when one solid cube corner is 
used, are eliminated with a front surface cube corner. 
The tolerances required on the cube corner angles 
were calculated assuming that the misalinement of 
the wave front upon reflection from the cube corner 
should be less than orequal to \/8. The result is that 


The design 


PA 


/ 


<10 (12) 
where \ is in microns, A is the maximum excursion 
in centimeters of the bumps on the slide or ways, and 
® is the maximum error in radians of the cube corner 
angles. This formula applies to a cube corner 5 
10 
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the 


in. to 10 in. on one side. If A=107? em, ® 


radians, and A}=%u, A&b/A—10 
tolerance required on the 90° angles of the cube 
corner is less than 1 min of are. The cube corner 
consists of three front surface mirrors glued together 
at angles of 90° to a tolerance of 1 sec of are. Thus, 
almost any kind of machined ways can be used. 
Roller bearings sliding on stock steel rods were em- 
ployed. The steel ways were situated in a plane 
containing the cube corner apex to minimize the 
rojing motion of the cube corner when it moves. 
The optical polish of the cube corner mirrors is 
limited by warpage of the plates when glued. It is 
suggested that optically contacting the surfaces 
should be superior, although more expensive. This 
technique was successfully used [13] for making a 
hollow cube of fused silica. 


Therefore, 


3.3. Cube Corner Drive System 


The function of the hydraulic drive is to provide a 
smooth motion of the apex of the cube corner in one 
direction at a velocity of about 2 x 10° em/sec. 
Both the long and short term stability of the drive 
are important as it is necessary to have the 
phase shifts for one wave number constant 
during a scan. The phase shifts in an _ elec- 
tronic filter are, of course, a function of  fre- 
quency. In general, a nut and screw gives a 
good long term stability but a poorer short term 
stability, while a hydraulic system is capable of 
good short and Jong term stability. Figure 3 shows 
a schematic of the hydraulic system and is similar 
to one employed by Ameer and Benesch [14]. The 
500 Ib weight supplies a constant pressure of 1000 
lb/in.? to the system. In the drive cylinder, there is 
more force pushing in the forward direction than in 
the opposite direction, hence the cube corner moves. 
The rate at which it moves is determined by the di- 
mensions of the hypodermic tubing placed in the 
hydraulic circuit. Using Poiseuille’s law of flow of 
liquid through a tube, it can be shown that the 
velocity of the cube corner is 


xrrPA ; 

. (13) 
Sn lt (A,)? 
the fluid, r and / are the 
respectively, of the hypodermic 
tubing. P is the pressure (1000 lb/in.*). A; and 
A, are the area of the drive cylinder piston and of 
the rod, respectively. F' is the net force resulting 
from friction on the cube corner ways and in the 
drive cylinder rod seals. This frictional force will 
oscillate between the static and kinetic case due to 
the slow motion. In (13) only 7 and F ean vary; 
the other quantities are rigidly fixed. Hence, upon 


where 7 is the viscosity of 
radius and length, 








FiGuRE 3. A schematic of the hydraulic drive 
The cube corner, ¢c.c 


system. 
, can move in the forward or reverse directions. 





differentiation (13) becomes 
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Equation (14) shows that if the percentage change 
of the cube corner velocity is to be a minimum two 
conditions should be met. They are: (a) FC<PA, 


Now PA, is 750 lb and 


F is one or two orders of magnitude less. 
the main reason for using a high pressure in the 
system. The frictional forces and thereby d/’ can 
also be reduced if air bearings are used; then P can 
be lower, resulting in an elegant and simple hydraulic 
system. Such a system has been built by Stroke 
{15 and 16], but would be difficult to incorporate in 
the Michelson interferometer in a vacuum. A 
hydraulic fluid was used which has a viscosity of 
ln 
it 
Thus, for the velocity of the cube corner to be con- 
stant to 4 percent, the oil should have a constant 
temperature to 1 °F. This is accomplished by 
placing the components of the system in a water 
bath and allowing oil which flows into these com- 
ponents to first pass through a heat exchanger which 
consists of a coil of tubing in the water bath. The 
large heat capacity of the water is sufficient to keep 


dn ae 
and (b) be a minimum. 


- ( 
about 50 cP at 70 °F and 
( 


. of about 0.04/°F. 
n 


| 
| 


This is | 


the temperature of the oil to better than 1 °F over | 


as : dn | 
a silicon oil was used, —” 


dt n 


the time of one scan; if 


would be about 0.01/°F. 


3.4. Mounting of the Optical Components 


The interferometer is supported on small rubber 
inner tubes inflated to about 4 or 5 Ilb/in’. The 
mass of the instrument was intentionally made large 
for further stability from vibrations. The weight 
of the instrument is about 1000 lb. Each individual 
optical component is mounted by a type of ball 
joint and three adjusting screws, one of which is 
spring-loaded. The ball of the ball joint is a nut, 
which is tightened on a screw for mechanical sta- 
bility. This type of adjustment constitutes the 
coarse adjustment and is illustrated in figure 4. 

The fine adjustment of the parallelism of the 


interferometer plates (for the infrared and visible | 


fringes) is made by tilting mirror 4. This mirror 
has a coarse adjustment on its base plate and the 
mirror itself is supported on a shaft with a groove 
cut in it. Two springs placed 90° from each other 
relative to the center of the mirror are pulled to bend 
the shaft at its groove. A d-c motor turns a screw 
which pulls the springs. 


are flat to 4/20 in the visible. The separating and 


The mirrors M, and ™, | 


compensating plates are made of calcium fluoride | 


with dielectric coatings on the separating plate. 
They are used at an incidence angle of 20° to con- 
serve their size. Their polish is to \/3 in the visible, 


their thicknesses are to 0.0005 in. or better, and | spaced every 2 in. 


the parallelism of the plates is to 3 sec of are. 
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Figure 4. A schematic of the ‘‘cold box.” 


3.5. Cold Box 


It was decided to use a lead selenide or lead sulfide 
cell cooled to liquid nitrogen temperatures as a 
detector. It was then simple to cool the exit aper- 
ture, interference filter, and the focusing mirror F; of 
figure 2. Figure 4 shows the design. Liquid nitro- 
gen covers the in. copper plate which cools the 
attached detector, exit aperture, and filter. The off- 
axis parabolic mirror F; of figure 2, is cooled mainly 
by radiation. The position of this mirror is kept 
fixed with respect to the detector as the contraction 
of the brass mounting and invar support rods are 
equal. Any tilting of the cold box is prevented by 
metal-to-metal contact at the warm O-ring seal. 
The cold O-ring seal employs a \ in. O-ring with an 
i.d. about %4in. undersize. It is of 60 or 70 durometer 
and is compressed to \ of its thickness by 3,000 to 
4,000 lb/in. compression supplied by * in. bolts 
The O-ring surfaces should allow 
for the resulting flow of the O-ring and have a finish 











FIGURE 5. 


of 32 to 64 w in. One O-ring should be used only 
once or twice and the flanges and O-ring should be 
degreased with chlorothene. 


3.6. Electronics 


The chopped interferogram is amplified and de- 
tected by the conventional a-c amplifier and phase 
sensitive detector method, commonly called a lock-in 
amplifier. Two a-c amplifiers are used, the first 
being a low level preamplifier which is mounted on 
the interferometer itself for shock mounting and 
elimination of pickup in long cables. The available 
gain is 10° to 10°. The signal and reference to the 
phase sensitive detectors are fed from cathode fol- 
lowers. Figure 5 shows the circuit of the phase 
sensitive detector, time constant, and d-c amplifier. 
The d-c amplifier employs operational amplifiers. A 
chopper stabilized amplifier supplies the required 
stability and a differential input operational amplifier 
supplies a high input impedance to the time constant. 
The signal required for the digitizer is about 0 to 
—10 V. The photomultiplier and amplifier circuit 
for detecting the green fringes is similar to a design 
by Hunten [17]. This signal is used to order the 
digitizer to read and is also displayed on the strip 
chart recorder. 


4. Performance 


Figure 6 shows an interferogram obtained with a 
globar as source, a cold broadband filter, and a lead 
selenide detector. The clobar was operated at a 
very low level (3 V across the 1.6 Q globar) and the 
filter was a narrow band filter at 3.63 u Which suffered 
a permanent deteriation when cooled to liquid 
nitrogen temperatures. The resultant incident 
spectra consisted of two broadbands, one at 4 M and 
the other at 6 uw, with bandwidths of 1.5 » and 0.8 yp, 
respectively. The interferometer has a good re- 
sponse to the 4 « band, but very little response to the 


A schematic of the phase 
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sensitive detector and d-c a mpli fie r. 


6 w band, due to the separating plate. The reference 
mercury fringes are also shown and had a frequency 
about 2 A time constant 0.03 was 
used for the interferogram so that electronic phase 
shifts were not present. The interferogram dem- 
onstrates the following: 

(1) The instrument has excellent 
stability from interfering vibrations. 

(2) The stability of the cube corner drive is good. 

(3) The problem of phase shifts does not appear to 
be serious as the interferogram is symmetrical about 
a narrow zero order fringe. As the incident spectra 
had a large band width of 1.5 yw, any serious phase 
shifts would certainly have shown up. 

The first two properties were forcibly demon- 
strated by observing on an oscilloscope the Lisajous 
figure made from an audio oscillator and the mercury 


of c/s. of see 


mechanical 


Figure 6. The interferogram obtained with the interferometer 
from a spectral band at 4 pw with a bandwidth of about 1.5 yp. 


1. Shows the interferogram around the position where the path difference is 
zero. It can be seen that the interferogram is symmetrical about the zero order 
fringe. 

b. Shows a portion of the interferogram at about 1 mm path difference. 

c. Shows a portion of the mercury reference fringes. The scale on figures b 
and ¢ are expanded by a factor of 2 and 4, respectively, over figure a. 





fringe signal at about 20 c/s. There was very little 
motion of this figure over, say, a minute. However, 
there was a slow drift in the fringe signal frequeney 
which amounted to about 5 percent in 5 min and 
10 percent in 30 min. If this drift is serious, it may 
be possible to reduce it by simply continued opera- 
tion of the hydraulic system, as there may still be 
some air in the system. A controlling mechanism 
could also be built to lock the signal frequency to 
some reference. 


5. Conclusion 


A Michelson interferometer with excellent me- 
chanical stability and with an unusual drive system 
has been .built and_ tested. Apparently, the hy- 
draulic system gives a superior drive to the drive 
obtained from an expensive screw and nut with the 
exception of the long term stability. 

Interferograms can now be obtained and recorded. 
The problems of calculating the spectra have not 
been completed, but involves solving the problem 
of obtaining a working relationship between the 
interferometer and computer, and possibly of im- 
proving the long term stability of the drive system. 
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The National Bureau of Standards Gas Thermometer II. 
Measurement of Capacitance to a Grounded Sur- 
face With a Transformer Ratio-Arm Bridge 


L. A. Guildner and R. E. Edsinger 


(September 4, 1964) 


A modification of the conventional transformer ratio-arm capacitance bridge was made 
to measure the values of three-lead capacitors having one of the plates grounded. With 
this ground point it is necessary to use triaxial cable with solid shields. A troublesome capaci- 
tance coupling between the primary and secondary shields of the transformer was neutralized 
by means which still enable one to attain the extremely high precision and accuracy charac- 
teristic of this type of bridge. The modified bridge was developed initially for highly ac- 
curate determinations of the locations of the grounded mercury menisci of the National Bu- 
reau of Standards precision manometer. Other applications are readily thought of and one 
interesting example is presented. 


1. Introduction 2. Transformer Ratio-Arm Capacitance 
| Bridge 


In the last decade, one of the important develop- 
ments in the field of metrology is the recognition of Figure 1 is a simplified schematic of the modified 
the value of transformer ratio-arm bridges using 3- | bridge, without the primary windings. 


There are 
lead capacitors. [1,2,3,4].!. This system can meas- | two segments of the secondary windings for the ratio 
ure capacitance without including parasitic lead 
eftects, and is capable of such accuracy for a comput- 
able 1 pF capacitor, [6,7], that it is used to check the 
U.S. standards of the electrical units. Not only is 
the bridge system essentially simple, but it has a 
special elegance in the ability to produce voltages in 
ratios which are very precisely the turns ratios of the 
transformer secondary windings. Thus a decade 
system or any other ratio of integral numbers within 
the limits of a practical number of turns may readily 
be established. 

When conditions permit, both plates of the capaci- 
tors are isolated and the bridge is grounded at the 
junction of the ratio-arm secondary windings. How- 
ever, under a variety of conditions it is at least 
very inconvenient, if not impossible, to prevent one 
of the plates of the capacitor from being grounded. 
In particular, many opportunities arise for computing 
very small distances or changes of distances from 
capacitance measurements, where the object under 
observation is grounded. 

This paper presents the modifications for changing 
the ground connection from the center-tap of the 
ratio-arms of the bridge to the capacitance plates 
on the other side of the detector. This involves a 
more elaborate, double-shielding arrangement, and 
a means of overcoming a capacitance coupling in 
the transformer. 














1 Figures in brackets indicate the literature references at the end of this paper. | Figure 1. Bridge schematic. 





arms and the active elements of two three-lead 
capacitors, C; and C,, for the other arms. <A high 
impedance detector, D, is connected from the center 
tap of the secondary windings to the grounded mid- 
point of the two capacitors. An inner shield, indi- 
cated in figure 1 by the dashed line, connects with 
the center-tap of the secondary windings and en- 
closes the secondary windings and the capacitors. 
The capacitances, C; and Cy, between this shield 
and the transformer leads, are shunts which load 
both the leads and the ratio-arms, but are not 
detected as part of the measured capacitance. These 
capacitances are kept small external to the trans- 
former and of approximately equal value so that the 
voltage drop in the lead of either secondary ratio 
arm, because of this additional loading, is less than 
1 part in 10’, and is partially compensated as well 
by a similar shunting capacitance on the lead of 
the other ratio arm. An outer shield connected to 
the grounded midpoint between the two capacitors 
is necessary to reduce noise pickup by the system. 
As shown in figure 1, the capacitances, C; and Cs, 
between this ground shield and the inner shield, 
shunt the detector and directly affect its sensitivity. 
To minimize this detector shunting capacitance, the 
ground shield is kept at as large a distance as possible 
from the inner shield. 

The special construction of the transformer gives 
two voltages at 2, and £:, opposite in phase and of 
a fixed voltage ratio within a part per million of the 
turns ratio. This is accomplished by the use of 
tightly coupled secondary turns wound on a large 
toroidal core of high permeability tape. The two 
secondary windings are identical copper helices, 
constructed so as to have large cross section and 
low resistance and interleaved to sample very nearly 
the same flux along the core. The low resistance 
and leakage inductance of each secondary winding 
assure adequate voltage constancy at /, and /, when 
C,; does not vary from C, by more than 1000 pF. 

The properties of 3-lead capacitors [5,6] made it 
possible to define precisely small changes of capaci- 
tance (1 10~° pF) in this system. The bridge cir- 
cuit, shown in figure 1, eliminates the detection of 
parasitic capacitance, so that additional capacitors 
can be switched into the circuit in parallel with a 
reproducible and calculable effect. 

Most components of the bridge were placed in a 
large metal enclosure at ground potential. Triaxial 
cable or a double shielding arrangement was neces- 
sary for each bridge element, such as a measuring 
probe, outside of the shielded enclosure. The use of 
a solid inner shield was found to be necessary to 
eliminate errors caused by the detection of parasitic 
capacitance. 


3. Transformer Design and Construction 


The specific design of the transformer with 
secondary windings in the ratio of 1 to 1, is based on a 
suggestion by R. D. Cutkosky.? An additional tap 
gives a second ratio of 4 to 3. 


2 Electricity Division, National Bureau of Standards. 





The transformer is operated at a frequency of 1000 
Hz with 40 V on the primary, which gives approxi- 
mately 12 V across the secondary windings in series. 

The primary winding consists of 132 turns of 
AWG No. 15 copper wire, closely and evenly spaced 
around the core of the transformer. To be sure of 
uniformity of spacing, a second Nylon form milled 
with grooves to receive the primary winding, was 
made to fit around the Nylon case of the core. 
One end of the primary was soldered to a smaller, 
more flexible wire which was placed around the 
outer circumference of the core in the direction 
opposite to the advance of the windings in order 
to compensate for the single turn effect caused by 
the advance of the main windings around the core. 
The core of the transformer is a toroid of 0.002 in. 
thick Supermalloy * tape with an outer Nylon case 
4.5 in. o.d., 3 in. 1.d., and 1.5 in. high. 

The bridge arrangement necessitates the use of 
two electrostatic shields between the primary and 
secondary windings. (See fig. 2.) These shields 
are part of the inner and ground shields referred 
to in the discussion of the bridge. Part of the ground 
shield encloses the primary windings and part of 
the inner shield encloses the secondary windings. 
That part of the ground shield enclosing the primary 
windings is in the shape of a toroidal cup of ‘Ne 
in. thick copper. <A top cover to ¢ mnplete the 
shield is screwed to the outer circumference. A 
small gap in the shield, centered on the inside, 
prevents a shorted turn around the of the 
transformer. A threaded ring, TR, attached to 
the shield on the top side of the gap can be moved 
up or down by rotation to change the “effective” 
gap position. Melamine sheet of 0.015 in. thickness 


core 


is used as insulation between the primary windings 


and this shield. The need for the adjustable gap 
position will be explained later. 

Each of the two secondary windings was con- 
structed of 20 pieces of 0.025 in. thick copper sheet, 
machined in circular form, 5.5 in. o.d. and 3.5 in, 
id. The pieces were cut on a radius, properly 
oriented on a jig, and butt silver soldered to one 
another to form a helix. Two approximately iden- 
tical secondary windings of 20 turns apiece were 
then, in effect, screwed together and insulated from 
one another by the insertion of 0.0075 in. thick 
Teflon sheets. Small flexible wires were used to 
make the connections from the windings to the 
BNC terminals mounted on the (enclosing) inner shield. 

That part of the inner shield enclosing the second- 
ary windings was assembled from 14 different cop- 
per pieces. They were accurately machined so they 
would fit tightly together with a steplike gap at the 
center of one side and located to be at about the 
same level as the gap of the primary shield. Four 
machined Nylon spacers were used to insulate the 
inner shield from the ground shield and to hold it in 
a stable position. The form and placement of the 
inner shield allowed comparatively little surface area 
close to the ground shield and thus the detector 
shunting capacitance was minimized. 


3 Arnold Engineering Company, Marengo, Ill. 
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FIGURE 2. 


4. Bridge Unbalance Due to Shield 
Arrangement 


Since both shields make one turn through the core | 
of the transformer, the detector, connected across | 
the shields, is influenced by the induced voltages on 


the shields. In the design being discussed the 
voltage across the gap of each shield is approximately 
0.8 percent of the primary voltage. A current 


path is provided through the detector by capacitances | 


between the secondary shield and the primary shield 
or ground. This can be explained further by 
reference to figures 2 and 3, which represent a sectional 
view showing the core, the primary shield and the 
secondary shield of the transformer and the equiva- 
lent electrical circuit. The windings are not shown 
and for the following discussion are not considered 
except to assume that the primary is providing 
flux to the core. When a positive voltage is induced 
at A (secondary) and C (primary), a negative voltage 
exists at B (secondary) and D (primary). The gap 
in each shield limits the current circulating within 
the shield. Because of equal voltage between A 
and C and between B and D, only those capacitances 
between A and D and between B and C are im- 
portant. A difference in the value of these capaci- 
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Transformer illustration. 


| tances creates a net current through the detector. 
A provision to reduce the current flow to zero by 
adjustment of these capacitances was made by 
the construction of a threaded ring attached to 
the inner wall of the primary shield. 

The location of both gaps at the center of the core 
provides symmetry and reduces the effect of capaci- 
tance to the surroundings. 


5. Capacitance and Conductance Balance 


In almost all a-c bridges, means must be provided 
to balance out the resistive component of the system 
as well as the capacitive component in order to 
obtain a true null. This is accomplished by switch- 
ing into one arm of the bridge or the other a condue- 
tive balance control (see fig. 4) to balance the excess 
resistive component in the adjacent arm of the 
bridge. The construction of a network to obtain a 
small voltage in phase with the voltage FE, is de- 
scribed by Thompson [6] and others. An adaptation 
of this circuit has been made with only the compo- 
nents needed for operation at 1 kHz. A decade- 
switched, tapped inductor connected across one 
secondary winding or the other acts as a voltage 
divider. The line from the tapped inductor is con- 
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FIGURE 3. 


FicurRE 4. Conductive balance control. 


nected to a “T’’ network consisting of a resistance 
with a midpoint connection and several capacitors 
The values of R and C,, Co, and C, are selected to 
produce a small voltage of correct magnitude and 
phase at the input to the detector. In effect the 
reactance of the combination of C, C, in parallel is 
small compared to R and the voltage at m due to this 
network is nearly in phase with voltage, &. It is 
made almost, if not exactly equal in phase by the 
small capacitance at C 


6. Shielded Switch 


To switch capacitors into out the bridge 
either singly in combination, a modification to 
provide the proper shielding was made of a standard 
Leeds and Northrup 12-position silver contact rotary 
switch. 

Figure 5 shows the terminals around the cir- 
cumference of the switch laid out in the plane of the 


or of 


or 
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Shield arrangement. 


paper for ease of illustration. 


The heavy dark line, 
around the switch 


represents the inner “shield, 


re ‘ 


enclosing the entire switch. C3 
The two portions of the shield represented by the 


horizontal lines were machined from brass to replace 
the original sections of the switch. Connections from 
the various switch terminals were made to BNC 
receptacles mounted through the shield. 
mon terminals R, and R». were connected to one of 
the ratio arms, and common terminal L was con- 
nected to the other ratio arm. Only 6 positions 
were used and certain brushes which Hebe some 
of the single terminals to a common terminal were 
relocated 180 deg from the normal position. 

Each position of the switch allows the connection 
of one or two of five different capacitance elements 
into one arm of the bridge at the same time connect- 
ing one or two of the remaining capacitance ele- 
ments into the other arm. Any elements not being 
used are connected to the shield that their 
presence will not influence the balance point by 
parasitic capacitance. The lower portion of the 
switch is an arrangement to short out the input to 
the detector while going from one switch position to 
another. 


The com- 


sO 


7. Operation of Bridge 


The ratio of the secondary voltages of the trans- 
former used in the configuration described by Thomp- 
son is equal to the turns ratio within 1 or 2 parts in 
10°. The modified bridge configuration loses this 
desirable feature because of the voltage produced on 
the secondary shield. 

















Figure 5. Coazial switch. 


Equality of the secondary voltages is tested by 
switching the ground point to the center tap of the 
secondary windings, so that the detectible effect of 
the shield capacitances is eliminated. For equal 
ratio arm voltages two nominally equal and highly 
stable standard capacitors * are then placed in the 
arms of the bridge. The capacitance value of one 
is decreased to be equal within 1107> pF of the 
value of the other by removal of a small area of the 
plate of the capacitor. A check of both the equality 
of the ratio arms and the equality of the capacitors 
is made by interchanging the capacitors in the arms. 

The two equal standard capacitors are then used 
in the two equal arms of the modified arrangement 
and the movable inner ring of the primary shield is 
adjusted until null is again observed. 

The complete detection system of the bridge and 
other components is illustrated in the block diagram 
of figure 6. If desired, the output signal of the phase 
detector can be used for automatic control purposes. 

Performance of the particular system described, 
over a period of several months, indicates that the 
standard capacitors have remained equal in value 
(within 1 10~° pF), and the shield cross capacitances 
have not changed sufficiently to introduce a signifi- 
cant error. 


‘The values of the standard capacitors were made to be 8.205 pF. These 
capacitors were made from disks of high quality fused silica with a gold film 
eva porated onto polished surfaces to produce the plates and guard. 











Figure 6. Block diagram of system. 


8. Determination of Probe or Cell 
Capacitance Constant 


In applications involving use of this bridge to deter- 
mine the change of position of a grounded object, it is 
necessary to know the relation for the capacitance 
between the capacitance probe and the object. One 
may measure the mechanical dimensions of the capac- 
itance detecting plate, shield ring, and reference 
object, and calculate capacitance versus the distance 
of separation of the reference object from the probe. 
Accuracy of the result is limited to the exactness of 
the capacitance equation available for the configura- 
tion used and the accuracy by which the mechanical 
dimensions of the probe can be measured. Exact 
equations are not available for the capacitance of 
some probe configurations. In these cases, a graphi- 
cal relaxation method [8] of determining the potential 
field and thereby the capacitance can be used. 


9. Applications 


One application of the modified bridge is its use 


in a precision mercury manometer. In normal op- 
eration, the upper cell (see fig. 7) of the manometer 
is in one arm of the bridge and the lower cell is in 
the other. A 3-lead adjustable trimmer capacitor 
is in parallel with the lower cell. At “zero level’ 
with both cells evacuated, the plate-to-mercury 
capacitance is not exactly the same in the two cells 
because of small differences in level of the plates, 
and differences in the mechanical configuration of 
the plate-guard assembly. This is compensated for 
by the trimmer. Subsequently the upper cell is 
wrung to the top of a column of gage blocks. When 
the pressure is such as to reestablish bridge null, 
the difference between separation of the upper cell 
mercury meniscus from its plate and the separation 
of the lower cell mercury meniscus from its plate 





is the same as zero level. Therefore the height of | 
the column of mercury supported by the pressure 
in the lower cell is equal to the additional length of 
gage blocks placed between the upper cell and the 
base. Since the separation of the mercury from the 


plate is probably not exactly the same in the two 
cells, an error may result if the amount of the separa- 
tion changes. The mercury level is adjusted so that 
the capacitance in the upper cell corresponds to 
about 800 uw separation and the lower cell separation 
at bridge null is not more than 1 yu different. So 


| long as the separation in the upper cell does not 





Figure 7. Mercury meniscus ani capacitance unit of ma- 


nometer. 


vary more than 2 yz, the bridge null corresponds to 
the same pressure within 5 mu. The total error in 
the pressure contributed by the detection system is 
in the millimicron range. 

A second application for the modified bridge is 
illustrated by the determination of the inside diam- 
eter of a long metal tube, nominally 0.8 mm. It is 
desired that the uncertainty in the inside diameter 
not exceed 6 x 107° em. As shown in figure 8, a 
small probe, 0.75 mm in diameter and 1 mm long, 
properly insulated and centered by air flow, is 
moved along the length of the tube to sense the 
capacitance with relation to the position of the probe. 
Other probes of 2 and 3 mm length and of the same 
diameter are used, so that capacitance ‘‘end effects” 
can be eliminated. It is especially convenient that 
the measured tube can be grounded, because the 
tube itself then serves as a shield for the rest of the 
system. 











FIGuRE 8. 
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A low temperature adiabatic calorimeter and cryostat assembly is described for meas- 


uring heat capacities in the temperature range 10 to 360 °K. 
and tank system is used as refrigerant containers. 
is automatically controlled to within a millidegree of that of the calorimeter vessel. 


A combination of Dewar 
The temperature of the adiabatic shield 
This 


apparatus offers facilities for rapid cooling to about 50 °K and long term adiabatic control 
for conditioning of a sample and, thus, is especially suitable for measurements on glass 
where long equilibration time is sometimes involved. 

Data on the empty calorimeter vessel and on the Calorimetry Conference standard 
sample of synthetic sapphire are presented as a measure of the precision and the accuracy 


of the apparatus. 


1. Introduction 


A new adiabatic calorimeter and cryostat assembly 
with an automatic shield control has been con- 
structed to determine heat capacity and glass transi- 
tion data for various inorganic and organic glasses 
from 10 to 360 °K. This paper describes in detail 
the design and operation of this low temperature 
calorimeter assembly and presents an experimental 
evaluation of its precision and accuracy. 

Although the general calorimetric design is similar 
to that of a number of authors [1-4],? the sample 
vessel used in this apparatus has been constructed 
especially for measurements on glass. Hence, the 
adiabatic shield and automatic shield control [5] 
designs were chosen for (a) versatility in producing 
a desired thermal history of the glass sample, and (b) 
reliability over long periods of continuous operation 
necessary for studying “kinetic effects”’ 


associated 
with the glass transition. 


Older work [6,7] on the 
heat capacity of glasses at low temperatures in the 
transition region has mostly relied upon the use of 
isothermal calorimetry combined with manual op- 
erating procedures. 

To evaluate the reproducibility and to estimate 
the accuracy of this apparatus, heat capacity 
measurements were performed on the empty sample 
vessel and on the Calorimetry Conference standard 
a-Al,O; sample [8]. Previous work on samples of 
the same material were reported by Furukawa, 
Douglas, MeCoskey, and Ginnings [8] of the Heat 
Division, by Morrison and Patterson [9], and by 
Edwards and Kington [10]. Kerr, Johnston, and 
Hallett [11] also made measurements on a synthetic 
sapphire similar in origin to our standard. 


1 Present address: Northrup Space Laboratories, Hawthorne, Calif. 
2 Figures in brackets indicate the literature references at the end of this paper. 


2. Description of the Apparatus 


2.1. Calorimeter and Cryostat Assembly 
a. Sample Vessel 


The 150 ml cylindrical sample vessel (fig. 1) was 
constructed with 0.015 in. copper sides, a 0.010 in. 
copper top and a 0.020 in. Monel bottom. The 
Monel bottom was silver soldered to the central 
copper reentrant well and to the copper cylinder 
which forms the outside of the vessel. A false 
0.010 in. copper bottom held insulated binding posts 
for the heater and thermometer leads and was sol- 
dered with indium-tin eutectic to the vessel below 
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Figure 1. Sample vessel. 
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FIGuRE 4 Detail of adiabatic shield (showing sample vessel in 


measuring position 


the Monel bottom. The top was designed to be 
soldered in place with this indium-tin eutectic after 
the vessel was packed with a sample. The entire 
sample vessel was gold-plated to minimize heat 
exchange by radiation. Six removable gold-plated 
fins, 0.005 in. thick 0.500 in. id. 1% in. o.d. 
with raised edges and half-circle shaped holes and 


( 
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flaps were spring fitted to the central reentrant well 
in order to provide faster distribution of heat 
throughout the sample. 

The central reentrant well components (fig. 2) 
contained a 25-ohm platinum resistance thermom- 
eter and a 180-ohm heater. The platinum resistance 
thermometer was an encapsulated four-lead, strain- 
free type described by Southard and Milner [12]. 

The heater consisted of #34 AWG ° single cotton 
and enamel (S.C.E.) insulated manganin wire wound 
noninductively on a copper spool and insulated with 
several coats of G.E. #1696 high temperature 
varnish. The varnish was baked overnight at 150 °C 
after each application. The electrical leads from the 
thermometer and heater ran from the central well to 
the thermal trap, where they were wound around 
twice in 0.008 in. grooves. The winding was held in 
good thermal contact in the grooves with G.E. #7031 
varnish. This winding prevented heat leakage along 
the leads during and immediately after a heating 
period when thermal gradients exist within the 
sample vessel. The leads then were connected to 
the binding posts mentioned above. 

The central well components (fig. 2) were as- 
sembled using 60 tin-40 lead solder. The small hole 
at the top of the copper heater core, which let air 
escape during assembly of the thermometer into the 
core, was closed with a plug of the same solder. 
The assembly was then soldered within the central 
reentrant well of the sample vessel. 

Two small U-shaped brackets were silver soldered 
to the side of the sample vessel. One junction of a 
multiple-junction difference thermopile used for 
controlling the adiabatic shield (fig. 3) was inserted 
into each bracket and was held by small copper 
wedges. Similar brackets were mounted on the top 
and false bottom. The junctions were electrically 
insulated from the copper sample vessel by mica 
“sandwiches.” This type of mounting and insula- 
tion was described by R. B. Scott et al. [13]. 

A 60° cone was silver soldered at the center of the 
sample vessel top. This cone anchored the nylon 
suspension and also made thermal contact through 
the double adiabatic-shield cone to the helium tank 
when the sample vessel was cooled to liquid helium 
temperatures. 

To aid in the distribution of heat, helium gas was 
introduced into the sample vessel at a slight over- 
pressure through a %{, in. o.d. copper tubing which 
was soft-soldered to a tube fitting at the top of the 
sample vessel. The tubing was pinched off and 
sealed immediately with a drop of soft solder. 


b. Adiabatic Shield and Control Thermocouples 


The adiabatic shield (fig. 4) consisted of a 0.035 in. 
thick, 5.5 in. long copper can, gold plated. It was 
cylindrical with flat ends surrounding the sample 
vessel. The top and bottom were firmly attached 
to the side by means of two 56 screws. When the 
shield was in measuring position, it was suspended 


Hereafter, the numeral preceded by the # mark denotes the American wire 
gage number. 





by three nylon lines attached to eyelets on the shield 
top. A 60° double cone which was an integral part 
of the top provided thermal contact between the 
sample vessel and the liquid helium tank as described 
above. 

Differential thermocouples (fig. 3) between the 
calorimeter vessel and shield in conjunction with 
three independently controlled electrical heaters 
wound on the top, side, and bottom of the shield 
enabled the maintaining of the shield at the tempera- 
ture of the sample vessel. 
brackets were soft-soldered to the interior of the 
side, two to the top, and two to the bottom. The 
thermocouple junctions were attached to these 
brackets as described in the previous section. 


The differential thermocouple consisted of two or 


more (Ag+-0.37 at. percent Au) versus (Au+2.1 at. 
percent Co) junctions. This choice of thermocouple 
gave a greater thermoelectric power at low tempera- 
tures than a (Cu) versus (Constantan) thermocouple 
[14]. To keep the thermal conductivity low, espe- 
cially at low temperatures, the silver alloy was used 
instead of (Cu) between the shield and sample 
vessel. The thermoelectric power of this ‘“normal’’ 
silver is approximately the same as that of (Cu). 
All junctions were welded with a condenser discharge 
type welder. 

The heater on the side shield was noninductively 
wound in a series of 0.012 in. spiral grooves machined 
in the side shield. It consisted of about 500 ohms 
of #30 5.C.E. Constantan wire which was thermally 
bonded to the metal with G.E. #7031 varnish. A 


layer of aluminum foil was placed over the heater to 


reduce heat loss by radiation. Beneath this heater 
thirty #34 copper lead wires and two #34 Constantan 
thermocouple wires were bonded to the side shield in 
another set of 0.008 in. grooves. These lead wires 
wrapped around the shield six times and _ passed 
into the interior through a hole near the bottom. 

The heaters on the top and bottom shield consisted 
of about 125 ohms of #30 8.C.E. Constantan wire 
which was noninductively wound into a disk. A 
special coil winder was built to produce this flat 
winding. The flat coil was transferred to the copper 
shield top and then was varnished into place with 
G.E. #7031. 

c. Floating Ring 


Thirty-two #36 Formvar, double silk insulated 
copper wires were wound and varnished on a 1 in. 
wide 2% in. diam. copper ring. These lead wires 
came from the helium tank where they were equili- 
brated at the helium tank temperature, to the ring 
where a 150 ohm noninductive #34 Constantan heater 


was used at temperatures above 200 °K to bring | 


them to the temperature of the adiabatic shield. 


A single junction Cu versus Constantan thermocouple | 


on the side shield (fig. 4) and a similar thermocouple 
junction on the ring sensed the temperature 
difference. 


The floating ring was thermally insulated from the | 


helium tank by three 1 in. long X %¢ in. diam. plastic 
spacers. Each spacer also held one end of a nylon 
line which supported the adiabatic shield in the 
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Figure 5. Low te mperature adiabatic calorimeter. 
measuring position. An insulating ring attached to 
the copper floating ring contained 32 copper binding 
posts which connected the leads from the adiabatic 
shield to those from the floating ring. 


d. Helium Tank and Radiation Shield 


The internal coolant container (fig. 5—helium 
tank) held liquid helium or liquid nitrogen, de- 
pending upon the temperature range desired. By 
pumping on the coolant through the 0.5 in. diam. 

0.010 in. wall Monel “fill” tube while the * in. diam. 

0.004 in. wall Monel vent tube was closed, tem- 
peratures can be obtained below the normal boiling 
points of liquid helium and liquid nitrogen. 

The tank was constructed from 0.040 in. wall 
copper and was 5 in. long X 5 in. diam. Thirty-two 
#36 copper wires were wrapped six times around 
the tank in 0.008 in. grooves. The leads were var- 
nished in these grooves and were connected to copper 
binding posts mounted in a plastic strip at the top 
of the tank. This procedure assured thermal equilib- 





rium of the leads at the tank temperature to prevent | surrounded the components mentioned above. 


heat from leaking to the floating ring and adiabatic 
shield assembly. 

Six 10-32 threaded studs at 
helium tank were used to hold a nickel-plated copper 
radiation shield, 8.5 in. long 4 in. diam. 0.015 
in. wall. The thirty-two #36 wires which were 
varnished to the helium tank entered the radiation 
shield through a small slot and then wrapped around 
the floating ring. 

A ‘sin. diam. & M¢ in. wall copper tube with a 60° 
cone at the lower end extended from the top of the 
helium tank to 2 in. below the bottom of the helium 
tank. This 60° cone provided thermal contact to 
the shield and the sample vessel through the operation 
of the mechanical heat switch described in section 
2.1.h. 

A % in. o.d. 0.015 in. wall Monel tube (not 
shown in fig. 5) led from the top of the helium tank 


to outside the cryostat. This tube served as a 


pressure measuring line when the pressure above the 
refrigerant was lower than atmospheric. 


e. Heat Exchanger 


When liquid helium was used as the coolant, the 
“boil-off’’ helium gas passed through the vent tube 
(fig. 5) to the interior of a 4, in. wall 4 in. o.d. 
copper can containing ten copper fins, 0.010 in. 
thick & 3.75 in. o.d. & 2 in. 1d. These fins were 
soft soldered to the interior walls of the can. Around 
the outside of this can thirty-two #34 copper leads 
were wrapped and varnished with G.E. #7031 in 
0.010 in. grooves. This design equilibrated the leads 
at a temperature somewhere between the boiling 
point of helium and the temperature of the nitrogen 
bath surrounding the vacuum jacket. It reduced 
the heat leak along the leads to the helium tank and 
thus served to diminish the liquid helium ‘‘boil-off” 
rate. This heat exchanger is similar to the “helium 
economizer” described by Westrum et al. [1]. 


f. Copper Block 


A copper block, 2.5 in. diam., shown in figure 5, 
was silver soldered to the top flange of the brass 
vacuum jacket. Thirty-two #34 copper lead wires 
came down the vacuum line to this block where they 
were thermally bonded using G.E. #7031 varnish. 
This equilibration of the leads at the outer bath 
temperature minimized heat leakage along the leads 
from room temperature to the components inside 
the vacuum jacket. 

Bundles of leads of about 12 in. length formed a 
full turn of loose helix between two adjacent com- 
ponents inside the vacuum jacket; namely, between 
the adiabatic shield and the binding posts on the 
floating ring, the ring and the helium tank, the bind- 
ing posts on the tank and the heat exchanger, and 
the exchanger and the copper block. 


g. Vacuum Jacket 


A 24 in. long x 6 in. diam. x \¢ in. wall nickel- 
plated, brass tube with a hemispherical spun bottom 


the bottom of the | 


The 
spun bottom was silver soldered to the tube. The 
top of this tube was soldered with Wood’s metal to a 
flange which held the interior parts. A vacuum of 
1-3 x 10-° mm Hg was maintained when desired for 
heat insulation within the brass tube. 


h. Windlass and Mechanical Heat Switch 


The internal bellows assembly from a *% in. Veeco 
high vacuum valve was employed as a convenient 
and compact windlass which caused contact between 
the 60° mating cones on the helium tank, adiabatic 
shield and sample vessel. This mechanical heat 
switch provided thermal contact between the sample 
vessel and the helium tank without using helium gas 
to destroy the insulating vacuum. 

The valve assembly consisted of a sylphon bellows, 
an O-ring bonnet seal and an adjustment screw for 
raising and lowering the bellows. The effective 
length of the bellows was doubled by passing the 
sample vessel suspension over a pulley mounted on 
the plunger and then tying the suspension to an 
evelet at the top of the heat exchanger. 


i. Nitrogen Dewar 


A 36 in. long x 8; in. i.d. stainless steel Dewar 
held in a container surrounded the vacuum 
jacket. The brass can was counterweighted so that 
it could slide easily on steel elevator rails. An O-ring 
was used at the top of this can as a vacuum seal. 


brass 


2.2. External Electrical Equipment 
a. Calorimeter Heater and Thermometer Circuits 


The resistance of the platinum thermometer was 
determined by measuring the potential drop across 
and the current passing through the thermometer. 
A Rubicon #2773 Double Six-Dial Thermofree 
potentiometer calibrated by the Electricity Division 
was used to observe the potential the 
thermometer on one set of its dials. The other set 
was used to measure the potential drop across a 
standard resistor in series with the thermometer. 
The double potentiometer was also used to measure 
the electrical energy dissipated by the heater during 
heating periods by observing the potential drop 
across the heater and that across a standard resistor 
in series with it. Voltage dividers made of standard 
resistors were used to reduce the voltage to within 
the range of the potentiometer (0.1111110 V). The 
balance indicating instrument was a Rubicon #3550 
photoelectric galvanometer, the output of which was 
observed on a 25-0-25 microammeter connected in 
series in a resistance network to provide suitable 
overall sensitivity. 


across 


b. Interval Timer 


The NBS standard frequency line supplied 60 
cycles at 2 V which was amplified to 110 V to power 
the interval timer. The clutch of the timer was 
energized from the 110 V a-c general laboratory 
supply by the same switch that supplied power to 
the calorimeter heater. 
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c. Automatic Shield and Floating Ring Control Circuits 


The automatic adiabatic shield control was similar 
to that used by the Heat Division [5]. It consisted 
of the thermocouple arrangement described earlier, 
three each of Leeds & Northrup 9835-B d-c ampli- 
fiers, Speedomax G recorders and Series 60 C.A.T. 
control units. In each channel the control signal 
generated by the C.A.T. unit was converted into 
ae by a 60-cycle chopper before feeding into a 32-W 
power amplifier from which power for heating the 
corresponding shield was generated (fig. 6). The 
deviation of shield temperature from the control 
point was usually within about 0.001 to 0.002 
Temperature differences in the order of 0.005 to 0.01 
occurred momentarily at the beginning and the end of 
a heating period. The momentary departure from 
zero at “on” and “off? was so small that no 
rection for the heat input was necessary. 

The floating ring was controlled manually with a 
box-type galvanometer as the indicator and with 
110 V a-c variable transformers supplying heater 
power. 


cor- 


2.3. Vacuum Systems 


Three vacuum systems were used with the cal- 
orimeter. They provided vacuum of 1-3 x 107° 
mm Hg for heat insulation, means for reducing the 
temperature of the refrigerants in the Dewar and 
in the helium tank, and the ability to fill the space 
in the vacuum jacket with helium heat exchange gas 
to cool the sample vessel when helium was used as 
refrigerant. 


3. Temperature Scale 


The platinum resistance thermometer was cali- 
brated by the Temperature Physics Section of the 
Heat Division, above 90 °K in accordance with the 
International Practical Temperature Scale of 1948 
[15] and between 10° and 90 °K with the NBS—1955 
provisional scale, which is maintained by a set of 
platinum resistance thermometers which had been 
compared with a helium-gas thermometer. This 
provisional scale is 0.01° lower than the NBS-1939 
scale [16]. 











Automatic shield control. 


4. Measurement Procedures 


In both the a-Al,O; and the empty sample vessel 
determinations a small quantity of helium gas was 
sealed in the sample vessel to shorten the internal 
thermal equilibration time. The sealed vessel was 
then checked for leaks with a helium mass spectro- 
graph and hung in place in the cryostat with nylon 
fishing line. Thermocouples, electrical leads, radia- 
tion shield, and outer vacuum jacket were attached 
before the apparatus was cooled to the desired 
Dewar bath temperature with 10 to 20 em Hg helium 
exchange gas in the vacuum jacket. After equili- 
bration at the Dewar bath temperature the exchange 
gas was pumped out and heat capacity determina- 
tions were begun. 

A special cooling procedure was used for the liquid 
helium range determinations; namely, (1) precooling 
with solid nitrogen around the vacuum jacket, (2) 
restoration of high vacuum within the vacuum 
jacket, (3) raising of the windlass to provide thermal 
contact between sample vessel, adiabatic shield and 
helium tank, (4) filling helium tank with liquid 
helium, (5) waiting a few hours for equilibration 
at 4 °K, and (6) lowering the windlass to obtain 
thermal insulation. The supply of liquid helium 
from one filling of the helium tank was sufficient for 
cooling and about 15 hr of experimental determina- 
tions. 


5. Heat Capacity Measurements 


Heat capacities of the empty sample vessel and of 
the vessel loaded with sapphire sample were deter- 
mined from 10 to 360 °K. The results were tabu- 
lated in tables 1 and 2, respectively. Data repre- 
sented were corrected for curvature. The correction 
was, in general, less than 0.1 percent of the apparent 
heat capacity. The temperature rise per heating 
interval was about 1 to 4° below 30 °K, 4 to 6° 
from 30 to 80 °K, and 5 to 9° above 80 °K. 

The observed heat capacity data were fitted by 
means of least squares to an equation with Debye 
and Einstein terms programmed by the Heat 
Measurements Section [17]. Deviations of data 
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TABLE 1. Principal experimental data for the heat capacity of | TABLE 1. Principal experimental data for the heat capacity of 
the empty sample vessel the empty sample vessel—Continued 
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TABLE 2. 


Heat capacity data for sample vessel containing 
synthetic sapphire sample 
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Series I 
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580 
780 


742 


Series IV 


067 
SI 
994 
&29 
92. 097 
9S. 942 
105. 55 
112.27 
119.15 


126. 28 


06. 546 
102 
108 
113 
119 
126.5 
133 
139 
146 
154.2 


5. O61 
244 
5. 747 
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943 
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444 
7. 566 
7.115 


73 
79. 


85. 


points from the equation were shown in figures 7 
and 8 for the empty vessel and the loaded vessel, 
respectively. The deviations were, in general, con- 
fined within the envelope formed by the solid lines 
representing 0.1 percent of the observed heat ca- 
pacity. The larger deviations near 90 °K probably 
resulted from the imperfection of the two tempera- 
ture scales used. 

A peritectic decomposition of the y-phase of 
indium-tin alloy was proposed to occur below 80 °C, 
although no thermal effect for the reaction was found 
[18]. No thermal anomaly was observed in the heat 
capacity measurements. 

Molal heat capacity values for a-Al,O; were also 
listed in table 2. The Calorimetry Conference 
standard synthetic sapphire sample weighing 199.913 
¢ (in vacuo) was used. The molecular weight (1961) 
of alumina was taken 101.9612. Adjustments 
were made for the differences in the amount of 
helium, copper, and solders used between the 
measurements of the empty and of the loaded 
vessel. 

Deviations of the observed heat capacity values of 
a—Al,O, from those of Furukawa et al., are shown 
in figure 9. The heat capacity of the empty sample 
vessel represented 95 to 85 percent of the total heat 
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TABLE Heat capacity data for 


synthetic sapphire sample 


sample vessel containing 
Continued 


T AT ro ae Cp ALO 


p 
Series V 


J/deq/ mole 
33. 96 
5.79 
39. 83 
2.75 
5. 51 
.14 
‘ 70 

3. 42 

». OO 

58. 53 

3. 80 


126 
133. 55 
140. 
147. 23 
153. 5 
159. 
165. 
171.: 
176. § 
182 
193. 9f 


Oras 
1 


rae ee oe 
ow 


Series VI 


1 3 =1 00 GO =1 00 OO ON 


Series VI 


308 
315 
322. 649 
336. 049 
340. 584 
347. 161 
353. 623 


929 
R25 


6 
6 
6 


985 
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capacity of the loaded vessel from 10 to 50 °K, 
85 to 65 percent from 50 to 100 °K, 65 to 40 percent 
from 100 to 200 °K, and from 40 to 30 percent from 
200 to 360 °K. Hence deviations below 50 °K were 
not shown due to the unfavorable contribution from 
the empty vessel. The dash-line represented molal 
heat capacity values derived from the two equations 
with Debye and Einstein terms for the empty and 
the loaded vessel. The values at rounded tempera- 
tures were listed in table 3. Deviation of this curve 
from the data of Furukawa et al., varied between 
zero to +-0.08 percent for the temperature range from 
100 to 360 °K. From 100 to 50 °K, the deviation 
was of the order of 0.2 to 0.4 percent, and from 50 to 
10 °K, 2 to 10 percent. Hence, with estimated 
uncertainty of 0.1 percent in the measurement of the 
total heat capacity (figs. 7 and 8), the agreement 
between the smoothed observed heat capacity and 
that of Furukawa et al., was remarkable. If the 
sample vessel were loaded with an appropriate 
amount of a typical glass, e.g., vitreous sodium 
tetraborate [19], the precision and accuracy should 
be markedly improved due to the more favorable 
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Figure 7. Heat capacity of empty sample vessel, deviations 


of experime ntal data from a smooth curve. 
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Figure 8. Heat capacity of loaded sample vessel, deviations 


of experimental data from a smooth curve. 
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Figure 9. Deviation of observed heat capacity of synthetic 
sapphire from the data of Furukawa et al. [8] 


contribution from the empty sample vessel toward 
the total heat capacity of the loaded vessel. 

It was found that the EMF selector switch of the 
double potentiometer was of the “make-before- 
break” type, such that during the switching opera- 
tion a shunt of very low resistance was effectively 
put across either the thermometer or the heater 
during temperature or power measurements respec- 
tively. Thus, a portion of the experimental error 
might be attributed to either the resulting upsetting 
of the steady-state of the thermometer current or 
inaccuracy in the evaluation of energy input. In 
some of the later runs of the loaded calorimeter vessel, 
by means of a different voltage divider arrangement, 
this type of error was minimized in the power 
measurement. However, these data points showed 





TABLE 3. Heat capacities of synthetic sapphire 


g/mole 


010 
O67 


scattering of the same order as the others. Hence, 
the deviation produced by the usual fast switching 
operation of the double potentiometer was assumed 
to be less than 0.1 percent. Nevertheless, experi- 
mental error resulting from this source could be 
completely eliminated by changing the switching 
arrangements to a “break-before-make”’ type [20]. 
Other possible sources of systematic error are being 
investigated. 
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A Rugged Null-Type Pressure Transducer of High Repro- 
ducibility for Accurate Gas Phase PVT Measurements’ 


Meyer Waxman and William T. Chen 


(July 3 


A rugged and highly reproducible null-type transducer for 


equilibrium pressure between a Burnett P\ 
pressure system is described. 
is used at temperatures from 0 to 175 °C 


transducer basically consists of 


coneave backing surfaces with 
the diaphragm against excessive pressure 
plane and circular with an effective 
duce appreciably inelastie factors. The 
mm I!g. For pressure 
less, the reproducibility is within 9 
capacitance circuitry. The 
varying from 4 to 250 atm 
uncertainty in the constancy 


maximum 
is, 


of the 


1 


imbalances. 
deflection diameter of 0.937 
reproducibility of the 
has been subjected to unidirectional pressure overloads as large 
imbalanees less than 1 


respectively, 
transducer 
maximum error of 0.0003 percent in the constancy of the sample 


1, 1964) 


determining the 
a counterbalancing 


accurately 
apparatus for gases and 


The transducer, closely coupled to the PVT sample volume, 
and over the 
a metallic diaphragm 

a stable capacitance sensor for detecting minute deflections of the diaphragm, 
a sagitta of 0.001 


4 to 250 atm. The 
responsive element, 
and spherical 
and a chord of 0.937 in. for supporting 
The diaphragm is 0.001 in. thick, 
in., and prestressed to re- 
null after the transducer 
135 atm is within 0.1 
and transducer pressures of I atm or 


range 
pressure 


pressure 
the 


as 


as 


atm 


X 10-3 mm Hg, which is the equivalent resolution of the 
uncertainty 


in the null for transducer pressures 
0.005 to 0.00004 percent. The maximum 
volume 10-5 em? and contributes a 
PVT volume. General 


IS 4 


requirements, design considerations, and factors which limit the reproducibility of the trans- 


ducer null are discussed. 


1. Introduction 


In an experimental PVT program for corrosive 
gases being conducted at the National Bureau of 
Standards, the coupling of the sample volume to the 
pressure-measuring instrumentation presented several 
problems. Ideally, the coupling should not affect 
the accuracy of the pressure measurements and 
should confine the gas to the sample volume. 
Correcting for the effect of extraneous volumes 
introduced through the coupling is difficult, and can 
result in significant errors, particularly if the tempera- 
tures of the extraneous volumes are lower than the 
temperature of the sample volume. In addition, 
the corrosive nature of the gases makes it desirable 
to isolate the from the pressure-measuring 
instrumentation so as to prevent possible chemical 
reaction the gas with materials usually used in 
pressure gages. These general requirements 
gested the use of a null-type transducer closely 
coupled to the sample volume and utilizing a circular 
plane or corrugated diaphragm as the gas separator 
and also as the pressure-responsive element [1, 2, 3]. 
If the transducer is thermostated at the temperature 
of the sample volume, the extraneous volume 
introduced, particularly if small, should have a 
negligible effect on the evaluation and constancy of 
the sample volume. 

In the projected application of the transducer, the 
pressure of the sample gas acting on one side of the 
diaphragm is counterbalanced by an auxiliary gas 
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C are given. 


system whose pressure is measured by a piston gage 
a manometer. A pressure imbalance across the 
diaphragm deflects it, and this deflection is detected 
on the counterbalancing side of the diaphragm by an 
electrical capacitance method. 

The first application of the transducer was to 
be in a Burnett apparatus [4] which imposed ad- 
ditional requirements. Through this apparatus, 
isotherms are derived for experimental pressures 
from 4 to 250 atm and over the temperature range 
0 to 175 °C. ‘The required precision of the pressure 
measurements Was | part in 30,000, which is e¢ juivale nt 
to 0.1 mm Hg for a gage pressure of 3 atm. The 
Burnett procedure consists of an iterative process 
of expanding the gas from a sample chamber into a 
previously evacuated auxiliary chamber. Pressure 
measurements are made before and after each ex- 
pansion with a suitable time allowance for equilibra- 
tion. If a diaphragm with the required sensitivity 
is used, the step-wise expansion results in a pressure 
imbalance many times greater than the elastic- 
pressure range of the Fa al whether plane 
or corrugated. Thus, the deflection of the diaphragm 
has to be limited, as excessive pressure imbalances 
would stretch it be vond its elastic limit, resulting 
in rupture or adverse effects on the reproduci- 
bility of the diaphragm null position. 

At the time this problem was being considered, a 
survey of the available literature did not disclose a 
design instrument that would satisfy the re- 
quirements discussed above. Thus the design of 
transducer prototypes was considered for both the 
plane and corrugated types of diaphragm transducer. 


or 


or 





The reproducibility of the diaphragm null position 
for both types is affected by the elasticity of the 
diaphragm material and the stress anisotropy in 
the diaphragm. In the plane diaphragm, localized 
stresses or buckled areas can result in snap-action 
characteristics (‘“‘oil-canning’”’) of the diaphragm, 
that is, with a changing pressure, the diaphragm 
has a sudden and discontinuous change of deflection. 
The shape, magnitude, and pressure characteristics 
associated with this deflection may vary con- 
siderably. Stress anisotropy can originate in the 
blank material or develop when the plane dia- 
phragm is clamped to effect its pressure seal. The 
adverse effects of this anisotropy on performance 
can be eliminated or reduced appreciably by radial 
prestressing of the diaphragm. In the corrugated 
diaphragm, stress anisotropy in the blank material 
is eliminated in the forming and heat treatment 
process, and that introduced from the clamping 
process has generally a negligible effect on the 
performance of the diaphragm. 

For the corrugated type of diaphragm, its protec- 
tion against excessive pressure imbalances (overload 
protection) can be accomplished in one direction with 
the die used in forming the diaphragm as a backing 
plate. The fabrication of a backing plate for the 
opposite direction is considered to be difficult but 
not insurmountable. For the plane type of dia- 
phragm, spherical concave backing plates can be fabri- 
cated to the approximate configuration of the dia- 
phragm for a specified deflection [5]. A capacitance 
sensor for detecting minute deflections of the dia- 
phragm can be fabricated as part of the backing plate 
for both types [5]. 

In addition to the overload protection feature, 
other important design considerations are the pres- 
sure-deflection characteristics, particularly the sensi- 
tivity at the diaphragm null position, and the elastic- 
pressure range. In a plane diaphragm with its edge 
completely fixed, the pressure-deflection characteris- 
tics depend on the magnitude of the radial prestress- 
ing. If the prestressing and the central deflections 
are small, the pressure-deflection relationship is that 
of a thin disk with the effect of prestressing included 
[6]. If the prestressing is increased sufficiently, how- 
ever, the bending stress in the diaphragm becomes 
negligible relative to the applied radial stress, and the 
diaphragm characteristics can be considered as ap- 
proximating those of a membrane. The pressure- 
deflection characteristics of the corrugated type of 
diaphragm have been evaluated in terms of the 
mechanical properties of the diaphragm material, its 
thickness, and its geometry, such as the spacing, 
depth, and number of convolutions [7, 8]. For small 
deflections of either type of diaphragm fabricated 
from the same material and having the same thick- 
ness and free diameter, the maximum sensitivity ob- 
tainable is greater for the plane type than it is for the 
corrugated type. 

The development of transducer prototypes had as 
its objective the attainment of an easily fabricated 
design that satisfied the specified requirements. Be- 
cause of previous experience with the plane type, it 
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FIGURE 1. 
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was selected for the basic design of the transducer. 
Two models based on this design were fabricated. 
The second model, II, is shown in figure 1 with ex- 
ploded views in figures 2,3, and 4. In the first and 
earlier model, preferred initially for its smaller o.d., 
the pressure characteristics satisfied the require- 
ments; however, the pressure seals were not effective 
over the required temperature range of 0 to 175 °C. 
The second model, fabricated after the first was 
thoroughly tested, was comparatively easier to fabri- 
cate and to seal effectively. This model has proven 
to be quite satisfactory and it is currently being used. 





Exploded view of transducer. 


See figure 1 legend 


2. Description and Installation of 
Components 


2.1. Transducer 


The model II transducer (see fig. 1) basically 
consists of the prestressed diaphragm N as the 
pressure responsive element, the capacitance sensor 
assembly (L, M, and V) for detecting deflections of 
the diaphragm, and the diaphragm backing surfaces 
C-C incorporated as part both of the base D—D and 


of the capacitance sensor assembly. This assembly 
is clamped in position by the use of the thrust screws 
W and the clamping ring G, which is first clamped 
to the clamping ring J by means of the inner clamp- 
ing screws H. The clamping force exerted on this 
latter clamping ring (J) through the tightening of the 
outer clamping screws I is considerably greater than 
that of the total opposing thrust forces developed 
in stressing the diaphragm, effecting the diaphragm 
pressure seal, and clamping the capacitance sensor 
assembly. The base and the top C clamped together 
through the use of the clamping bolts D constitute 
the pressure housing which is designed to withstand 
pressures up to 500 atm without excessive deforma- 
tion. The external pressure seals consist of the 





FicureE 3. Base of transducer showing (1) spherical concave 
backing surface, (2) grooves to facilitate pressure € guilibrium, 


and (3) groove for the v-ring pressure seal. 


FicurE 4. Three views of capacitance sensor assembly (L, M, 
V) showing (1) spherical concave backing surface, and (2) 
threaded and slotted bonding surfaces to enhance the mechani- 
cal support of the capacitor plate. 


v-ring K clamped between the top and the base, 
and the Teflon packing ring U which is compressed 
for sealing the capacitor lead O. The lower reduced 
section of the base is designed for coupling the trans- 
ducer to a Burnett apparatus [4]. The sample 
gas inlet is through the port E-E to the bottom side 
of the diaphragm, and the counterbalancing 
inlet is through the tube Q to the top side of the 
diaphragm. To facilitate the equilibrium of gas 
pressure on the top side, there is an axial hole in 
ach of the outer clamping screws and two grooves 


gas 
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between the v-ring circular groove and the circular 
groove beneath the stressing ring (see fig. 3). Most 
of the transducer components are fabricated from 
commercial grade A nickel to resist gas corrosion. 


2.2. Capacitance Sensor Assembly and Detector 


A deflection of the diaphragm is detected electri- 
cally by a corresponding change of the capacitance 
between the capacitor plate M and the diaphragm 
(see fig. 1). The capacitor plate is electrically 
insulated and mechanically supported by the epoxy 
cement V between the capacitor plate and the capaci- 
tor housing L. This capacitance sensor assembly 
is positioned and clamped after the diaphragm has 
been installed. 

The capacitance sensor assembly is designed 
that it is fabricated easily and yet provides adequate 
mechanical support for the capacitor plate without 
introducing an excessive residual capacitance. The 
mechanical support is derived primarily from (1) 
the strength of the adhesive bond between the epoxy 
cement and the metallic components and (2) the 
shear strength of the epoxy cement in the threaded 
and slotted regions of the capacitor plate and the 
capacitor housing (see fig. 4). The adhesive bond 
alone is not sufficient to provide the necessary 
mechanical support. The threads and slots provide, 
respectively, translational and rotational support 
of the capacitor plate. The latter support is neces- 
sary for the final lathe machining of the assembly. 
The epoxy cement retains its physical stability up 
to 225 °C and has a temperature coefficient of 
expansion of 1510~° per °C, comparable to that 
of the capacitor housing and capacitor plate fabri- 
cated from nickel. The residual capacitance of 
this assembly is 10 pF. 

The transducer capacitance, consisting of the 
residual capacitance and that between the capac 34 
plate and the diaphragm, constitutes one arm of 
capacitance bridge. The bridge also has a vari: able 
capacitance arm, and two large and nearly equal 
capacitance ratio arms. The capacitor plate is 
coupled via the capacitor lead to a double shielded co- 
axial cable connected to the bridge. The effect of 
variations in cable capacitance on the bridge balance 
is reduced appreciably by shunting the capacitance 
between the inner shield and the central lead across 
a ratio capacitor. The capacitance between the 
inner shield and the outer shield at ground potential 
is shunted across the output of the bridge, and vari- 
ations in it affect only slightly the sensitivity of the 
bridge circuit. A deflection of the diaphragm un- 
balances the capacitance bridge. The unbalanced 
signal is amplified, phase detected, and indicated on 
a 100—-0-100 microammeter. The capacitance sta- 
bility of the bridge circuitry exclusive of the trans- 
ducer is 0.03 pF, which is the minimum change of 
capacitance detectable with the bridge voltage (0.4V) 
and the amplification being used. The potential dif- 
ference between the diaphragm and the capacitor 
plate is sufficiently small for the effect of the associ- 
ated electrostatic attraction to be negligible in the 
performance of the transducer. 


2.3. Diaphragm Backing Surfaces 


Diaphragm displacement is limited on each side by 
both the plane and spherical concave backing sur- 
faces which were optically lapped. The nominal 
values of the sagitta and the chord of the spherical 
concave backing surface are 0.001 in. and 0.937 in., 
respectively (the corresponding radius of curvature 
is 9.2 ft). This chord is the effective diameter of the 
diaphragm area in which deflections can occur. The 
0.001 in. central separation results in a capacitance of 
49 pF between the capacitor plate and the diaphragm. 
Closer spacing may cause electrical shorting of the 
capacitor plate since minute dimples develop in the 
diaphragm after some usage. For pressure im- 
balances greater than the equivalent of 0.001 in. 
central deflection of the diaphragm, the diaphragm is 
supported by a backing surface and the di: aphragm 
stresses remain within the elastic limits. The 
magnitude of permissible pressure imbalance is 
governed by both the rigidity of the backing sur- 
faces and the stress developed in the unsupported 
sector of the diaphragm (central 0.014 in. diameter) 
when it is deflected against a backing surface. The 
pressure imbalance which the capacitor plate will 
support without affecting significantly the trans- 
ducer performance is generally limited to 5 atm, 
although it has been exceeded a few times by a 
factor of 3 to 8. The pressure imbalance applied 
against the base can be considerably greater and has 
at times been as great as 135 atm. 


2.4. Pressure Seals 


In model I, the seal consisting of a toroidal copper 
ring clamped between the top and the base leaked 


above 150 °C, even though considerable clamping 
force was exerted on the ring. The difference in 
the temperature coefficient of expansion between 
the metals of the seal or the plastic flow of the copper 
ring may have been the cause for the leakage. In 
model II, a commercial Teflon-coated Monel oe 
(KX) replaces the copper ring and has proven be 
very satisfactory. The transducer can my -_ 
assembled and assembled many times and the same 
seal is still effective for the operating range of 
pressures and temperatures. In the application of 
the v-iype of seal, the v-ring is compressed slightly 
by the clamping of the base to the top to produce : 
line-contact with both surfaces bearing on it. The 
sealing process is then enhanced by the internal 
pressure acting against the inner surface of the 
v-ring. 

The diaphragm seal A~A which isolates the sample 
gas from the counterbalancing gas is effected by 
the thrust of the diaphragm sealing ring B-B 
against the diaphragm and the base. This thrust, 
obtained by tightening thrust screws X, must be 
sufficient to deform either the sealing surface of the 
diaphragm or that of the base. The method used 
for testing this seal is to overpressure the transducer 
on the top side and check for gas leakage on the 
bottom side by means of an accumulative technique 

| with a commercial leak detector. 
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Different commercial seals basically similar to the 
seal used in model II (fig. 1, A, B, T, U) were tried 
for the capacitor lead seal. Generally these leaked 
when either Teflon or lava stone was used as the 
packing material. Teflon more effective than 
lava stone for sealing in this type of seal; however, 
the Teflon must be supported completely. If a 
minute unsupported area exists, the Teflon extrudes 
through this area at about 150 °C for the maximum 
operating pressures. In the capacitor lead seal 
(model II), the Teflon packing ring is backed com- 
pletely by lava stone extrusion rings B, and these in 
turn are backed by ceramic extrusion rings T. 
There is a clearance of about +0.002 in. on the 
o.d. and id. of the ceramic extrusion rings. <A 
slight tightening of the packing gland nut R which 
bears against this sealing assembly is sufficient to 
obtain a seal. A bead F, silver brazed on the 
capacitor lead, and bearing against the ceramic 
ring E, acts a stop for the capacitor lead and 
prevents it from being blown out. 


is 


as 


2.5. Installation of the Diaphragm 


Initially, the subassembly consisting of the clamp- 
ing ring (J), stressing ring Z, diaphragm sealing ring 
(B-B), and the diaphragm (N), is positioned con- 
centric with the axis of the base (D—D) after which 
the clamping ring (J) is clamped firmly to the base. 
This clamping adequately holds the edge of the 


diaphragm between the clamping ring and_ the 
base, and allows for radial stressing of the diaphragm 
without slippage at the outer edge. The stressing, 
accomplished by tightening the thrust screws Y 
against the stressing ring (which in turn exerts a 
thrust on an annulus of the diaphragm), draws the 
diaphragm downward over the rounded corners of 
the groove beneath the stressing ring. The thrust 
screws (consisting of eight 4-40 cap set screws) re- 
quire only a very gentle torque to provide the neces- 
sary stressing thrust. 

Before effecting the diaphragm seal, the dia- 
phragm is stressed slightly by tightening all the thrust 
screws to remove generalized distortions. Localized 
distortions are usually eliminated by the additional 
tightening of the appropriate thrust screws. Dis- 
torted sectors can readily be detected from any 
movement caused by gentle pressure on the dia- 
phragm at small selected areas over the plane part of 
the backing surface. Clamping of the diaphragm 
to effect its seal generally results in severe distortion 
of the diaphragm, particularly if slight distortions 
already exist in the diaphragm blank. These distor- 
tions are eliminated, the subsequent adverse 
effects are reduced appreciably, by gradually and 
intermittently increasing the clamping pressure and 
adjusting the diaphragm stress on a selected area 
basis. This method results in a highly reproducible 
null position of the diaphragm and eliminates the 
adverse effects discussed in section 1. 


or 
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2.6. Fabrication of the Diaphragm 


The diaphragm, 1.90 in. in diameter and 0.001 in. 
thick, is fabricated from rolled Monel sheet stock, 
0.001 in. thick and 4 in. wide. Different fabricating 
techniques, such as cutting with scissors, punching, 
and lathe machining, were tried. Of these, the 
machining technique developed fewer distortions in 
the diaphragm and proved most expedient. Several 
diaphragms should be prepared at one time. In this 
operation, about 20 square blanks separated from 
each other by 0.004 in. thick paper, and clamped 
together between expendable pressure plates mounted 
in a lathe, are machined to the required diameter. 
Approximately 25 percent of each lot is thus ob- 
tained relatively free of dimples or distorted areas 
and is therefore acceptable as diaphragms. 


3. Performance 


Early in the experimental use of the transducer 
there was concern with hysteresis of the diaphragm 
or other effects such as “‘oil-canning”’ which could 
affect the null position of the dianhragm. This 
problem is circumvented by confining any pressure 
overloading greater than a few atmospheres to the 
direction of the base, and overloading slightly the 
diaphragm towards the base prior to the final 
balancing of the gas pressures on both sides of the 
diaphragm. This procedure of using the unidirec- 
tional pressure behavior of the diaphragm eliminates 
or reduces appreciably the effect of bidirectional 
differences, if any, on the null position of the 
diaphragm. 

Since the magnitude of the radial prestressing of 
the diaphragm varies from one diaphragm installa- 
tion to another, the associated pressure imbalance 
versus bridge imbalance characteristics will vary 
also. In figure a pressure imbalance versus 
A (bridge balance) graph, obtained at 25 °C and 
1 atm, is shown for each of two diaphragm installa- 
tions, one having the maximum sensitivity (dia- 
phragm 1) and the other, the minimum sensitivity 
(diaphragm 2) encountered to date. By means of 
these graphs and a 0.03 pF capacitance bridge 
resolution, the transducer resolution for the null 
condition is 9107 and 3107* mm Hg, respec- 
tively, for diaphragms 1 and 2. This resolution is 
equivalent to an average diaphragm deflection over 
the capacitor plate of 5<10~% 10-°>mm). The 
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ea 
pressure range for which the deflection of the dia- 
phragm is not restrained by either of the backing 
surfaces is generally about +1 em Hg. This range is 
sufficient to counterbalance conveniently and accu- 
rately the sample gas pressure for pressures up to 250 
atm {4}. 

The transducer null is affected by temperature 
and pressure changes. Experiments,in a special 
test rig, independent of the transducer indicated 
that this effect manifests itself primarily as a posi- 
tional change of the capacitor plate relative to the 
diaphragm. It was found that a temperature change 
from 22 to 110 °C would change the transducer 





oe ae Oe Oe | ee ed oC null at 1 atm by the equivalent of 1.4 pF. For an 
L > DIAPHRAGM isothermal application as mentioned in section 1, 
igo 2 sical the temperature variation is within +0.01 °C and 
weenie eny oh results in & maximum pressure error of 5X107> mm 
Hg. This variation is smaller by a factor of two 
hundred than the detectable minimum pressure 
imbalance. An investigation of the pressure effect 
from 22 to 200 °C indicated that this effect can be 
determined to within +0.1 mm Hg. Pressure 
effects on the transducer null are compensated by 
changing the bridge balance according to a typical 
calibration graph (obtained at 25 °C) as shown in 
figure 6. This graph was obtained with both sides 
of the transducer connected to a common gas source. 
In the experimental procedure used with the 

: Burnett apparatus, the transducer null at 1 atm is 
cmt: checked after the completion of the lower pressure 
measurements at the end of an experimental run. 

Stability test results (obtained at 25 °C), accumu- 
lated over a period of 4 months for different gases 
on the sample side of the diaphragm, are shown in 
figure 7. The changes can be attributed to pressure 
overloading, which may change the null positions of 
both the diaphragm and the capacitor plate. The 
occasional changes outside of the range +0.1 mm 
Hg may be the result of excessive pressure imbalance 
against the capacitance sensor assembly. For pres- 
ent pressure measurements below 15 atm, the meas- 
urements are corrected for the pressure change in 
the transducer null obtained after the completion of 
an experimental run, when this change is greater 
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Pressure-de flection characteristics of the transducer 
obtained at 25 °C and 1 atm). 


TABLE 1. Experimental runs showing data used for points in 
fiqure ? 


Maximum Maximum 
Point transducer pressure im- Sample 
pressure balance against gas 
the base 


Figure 6. Pressure effect on transducer capacitance for null 
condition (obtained at 25 °C) 
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CHRONOLOGICAL ORDER OF EXPERIMENTAL RUNS 


FicurE 7. Stability of transducer null (obtained at 25 °C and 
1 atn 


See table 1 for identification of the points. 


*run discontinued. 





than 0.0014 percent. For pressure measurements 
above 15 atm, this correction is not made as its 
effect in the Burnett method becomes small compared 
to other errors. 

Some experimental pressure measurements with 
the transducer have been made at or below 1 atm. 
At the completion of these measurements, the 
transducer null at 1 atm was checked and the offset 
from the null was found to be of the same magnitude 
as the equivalent resolution of the capacitance 
bridge (about the equivalent of 9 107% mm Hg). 

The volume enclosed by the diaphragm and the 
spherical concave backing surface of the base is part 
of the sample volume [4]. Therefore, an uncertainty 
in the diaphragm null position must be considered 
as it affects the constancy of the sample volume. 
The volume of either concave enclosure is 0.006 
em® which, in the Burnett apparatus, represents 
0.02 percent of the sample volume. An uncertainty 
in the diaphragm null position equivalent to 0.1 mm 
Hg would change the enclosure volume by a maxi- 
mum of 710° em®*, or about 0.0003 percent of the 
sample volume. In the Burnett method [4] the 
effect of this volume uncertainty is negligible com- 
pared to that of errors in the pressure measurements 
obtained with the piston gage. 


The authors express their appreciation to Philo- 
main Dery and Hans Mend for their skilled fabrica- 
tion of the instrument and to Miss P. Naecker for 
her editorial advice. 
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The spontaneous thermal-acoustie oscillations in nonisothermal columns of helium, 


hydrogen, nitrogen, argon, and oxygen gas have been investigated. 


The pressure fluctua- 


tions were measured with a barium titanate transducer and the particle displacements 


observed by asmoke technique. 


The observed pressure oscillations were often nonsymmet- 


rical and of sufficient amplitude to indicate the necessity for a nonlinear approach in a 


theoretical treatment of the oscillations. 


An adjustable ‘Helmholtz resonator’ 


attached 


at the warm end of the oscillating column was found to damp completely the oscillations and 
eliminate the energy transfer which they caused. 


1. Introduction 


Spontaneous pressure oscillations in gaseous col- 
umns, along which there is a temperature gradient, 
often hamper cryogenic work. An excellent review 
of this oscillation phenomenon has been given by 
Wexler [6].' While there are at least three reports 
of such oscillations having been used to advantage 
[1,2,3], they are most often undesirable. They can 
introduce errors in vapor-pressure measurements 
and sometimes make the measurements impossible 
to obtain [1,4]. Frequently, the oscillations cause 
a large uncontrollable energy transfer from hot to 
cold regions, making calorimetric measurements 
difficult. or impossible. 

Experience gained with a calorimeter at the 
National Bureau of Standards confirmed Wexler’s 
observation [6] that the energy transfer due to gas 
oscillation from the room temperature region to the 
4 °K region can be as much as 1000 times greater 
than the energy transfer by thermal conduction. 
It was decided to investigate the possibility of 
damping the oscillations by some device added 
externally. 

experiments with a simple auxiliary apparatus 
showed this solution to be promising. This ap- 
paratus was then used to investigate further 
the factors affecting the cause and suppression of 
the oscillations. In the course of this investigation, 
an adjustable “Helmholtz resonator’ attached at 
the warm column end proved to be a reliable and 
effective damper. 


2. Apparatus 


The auxiliary apparatus shown in figure 1 consists 
basically of a tube T extending down into a Dewar 
containing a cryogenic liquid boiling at atmospheric 
pressure. The lower end of the tube T was always 
open and the upper end was closed by a pressure 


SS 


1 Figures in brackets indicate the literature references at the end of this paper. 


transducer and a device used to suppress the gaseous 
oscillations. 

The Dewar, of two-liter capacity, was generally 
used with less than a liter of liquid. When the 
liquid was helium, the Dewar was immersed in a 
liquid nitrogen bath. 

Temperatures along the tube T were occasionally 
measured with thermocouples. Typical tempera- 
ture gradients along the tube ranged from 1 to 2 °C 
per mm when the Dewar contained 1 liter of liquid. 
The only means of changing the temperature gradient 
along the tube was to add or withdraw cryogenic 
liquid in the Dewar, keeping the same apparatus 
dimensions. 


He OR Hoa GAS IN 





Ficgure 1. Auziliary apparatus for studying thermal-acoustic 


oscillations. 
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A barium titanate tube, cemented onto the upper 
end of T, served as a pressure transducer. This 
transducer (2 in. long, *% in. o.d. with a Y¢ in. wall) 
was silvered on the inside and outside and polarized 
through the wall thickness. A static pressure cali- 
bration showed that the tre ansducer had a sensitivity 
of 7 mV/torr? differential pressure across its walls. 
This potential was measured with a vibrating reed 
electrometer and was a linear function of pressure 
in the range covered, 0 to 30 torr. The sensitivity 
should be independent of frequency at the low 
frequencies involved in these experiments (less than 
60 Hz). The transducer output was fed directly 
to a sensitive oscilloscope. Because of the low 
impedance of the oscilloscope, the trace, at low 
frequencies (2 to 10 Hz), represented more nearly 
the time derivative of the average pressure fluctua- 
tions inside the transducer than the pressure itself. 
Additional circuitry or a dynamic calibration of the 
transducer-oscilloscope system wal be necessary 
to interpret the trace directly as a pressure at low 
frequencies. 

Some direct visual observations of the wave motion 
were made when T was a glass tube by introducing 
a smoke of finely divided TiO, particles into the 
tube. In the case of oscillations over liquid helium, 
that part of the energy dissipated in the liquid by 
the oscillating gas column was measured by passing 
the gas evolved from the Dewar through a flowmeter. 

Pressure and net mass flow of in the tube 
were not controlled in these experiments. The 
mean pressure in the tube was always within a few 
torr of atmospheric and the net gas flow in the tube 
was zero. This is not to imply that oscillations 
occur only under these conditions. For instance, in 
the calorimeter referred to above, oscillations have 
been detected at pressures below 400 torr and also 
in tubes through which a net helium gas flow existed. 


3. Results 


gas 


3.1. Generation and Observation of Oscillations 


The literature contains only references to oscilla- 
tions in helium or hydrogen gas columns over baths 


The 
be of 
gaseous 


baths 


of liquid helium or hydrogen, respectively. 
present work has shown the phenomenon 
a more general nature. For instance, 
columns can also be made to oscillate over 
of liquid nitrogen or oxygen. Columns of helium, 
hydrogen, nitrogen, argon, or oxygen gas were 
readily made to oscillate over a liquid oxygen bath. 
Evaporation caused by oscillation energy transfer 
to nitrogen or oxygen baths in the present experi- 
ments was small and could not be distinguished from 
evaporation due to other sources of heat leak to 
the baths. ‘Two conditions had to be met, however, 
for the oscillations to occur with the higher tempera- 
ture baths: (a) The open tube end had to extend 
several tube diameters beneath the bath surface, 
and (b) the Dewar volume above the surface had 
to be flooded with helium or hydrogen gas. This 


2 J torr=1/760 normal atmosphere = 133.322 N/m 
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FiGuRE 2. Pressure oscillation at closed end of He gas column. 
**¢)’ 
tion 


Open end 1.5 em above liquid He surface 
oscil 


indicates sweep position without 


is in distinction to helium or hydrogen gas columns 
which oscillate in tubes whose open end is either 
above or below the surface of a liquid helium or 
hydrogen bath respectively. Probably the most 
important effect of the flooding was the increase in 
the surface heat-transfer coefficient [14] at the 
exterior tube wall. This also altered the bath com- 
position and the tube temperature gradient. Ex- 
periments performed, in which these latter effects 
were eliminated produced independently of any 
change in the heat transfer coefficient, showed that 
helium or hydrogen gas had to be present for oscilla- 
tions to be sustained. 

To obtain a column of a gas other 
bath species, the tube T, removed from the Dewar, 
was first flushed by introducing the desired gas 
through an opening in the upper tube end. The 
tube was then lowered into the Dewar until its lower 
(open) end was beneath the bath surfece and the gas 
flow gradually reduced to zero. This procedure was 
followed, for instance, to obtain a column of helium 
gas above liquid nitrogen. The amplitude and 
period of the ensuing oscillation were recorded as 
they reached stable values in order to 
minimize the effect of contamination of the helium 
vas column with nitrogen. The observed frequency 
was always several times that of a nitrogen 
column oscillating under the same condition—as 
much as eight times in one instance. By way of 
comparison, a similar gas column resonating in its 
lowest acoustic mode with helium would normally 
exhibit a frequency which is about three times that 
when resonating with nitrogen in the same mode. 
A helium column oscillating with the open tube end 
below the bath surface displayed approximately 
equal frequencies with baths of helium or nitrogen 
though the amplitude over the helium bath was 
several times that over the nitrogen bath. 

At low amplitudes the pressure oscillations 
appeared sinusoidal, but with either increasing 
amplitude or increasing temperature gradient, a 
nonsymmetrical distortion appeared (fig. 2). The 
time between a pressure maximum and the following 
pressure minimum exceeded half the period. 


than that of the 


sooh as 


gas 





Using the smoke technique referred to above, 
observations were made with a glass tube of 2 mm 
i.d. and 0.8 mm wall thickness, containing a nitrogen 
gas column oscillating at about 5 Hz over a liquid 
nitrogen bath. No displacement nodes were ob- 
served other than at the closed end. The displace- 
ment amplitude of the smoke particles increased 
monotonically along the tube length and was as 
great as +8 mm near the open (cold) tube end. 
The amplitude of this oscillation was 5 to 10 times 
less than typical amplitudes of helium gas oscillations 
over liquid helium in which a large energy transfer 
occurred. When direct observation of the liquid 
meniscus in the tube T was possible (i.e., with glass 
tubes), the mean position of the meniscus was below 
the bath level, indicating a net positive pressure 
within the tube during oscillation. 


3.2. Damping the Oscillations 


Reported attempts to damp or eliminate thermal- 
acoustic oscillations fall into three main categories 

(1) Changes in apparatus geometry such as 
employing tubes of greater diameter or closing tubes 
at the cold end when possible [2,7]. 

(2) Insertion of objects such as wire, wire mesh or 
knotted threads into the oscillating column [5,8,13]. 

(3) Thermal isolation of the oscillating column 
[2,4]. None of these methods was practical to apply 
to the calorimeter referred to above. It was possible 
to control the oscillations in the auxiliary apparatus 
(fig. 1) at any desired amplitude or to eliminate 
them completely with an adjustable Helmholtz 
resonator attached at the warm end of the oscillating 
column. The same technique permitted the control 
of the oscillations in the calorimeter. The effect of 
the resonator dimensions on its efficiency as a damper 
was then investigated using the auxiliary apparatus. 

Resonator neck diameters from 0.014 in. to 0.058 
in. and lengths up to 2 in. were tried. The neck 
dimensions were found to be critical and the best 
results were obtained with the neck dimensions 
indicated in figure 1. Necks whose diameters or 
lengths varied from the indicated neck dimensions 
by as little as a factor of two provided poor damping. 
Oscillations in helium and nitrogen columns 
ranging in frequency from 2 to 60 Hz and causing 
heat leaks of up to 7 W were successfully damped 
with the resonator. A typical set of damping curves 
obtained for helium gas oscillating over liquid helium 
is given figure 3. The distance of the tube end 
above the liquid surface was kept constant along any 
curve. Larger values of the relative pressure am- 
plitude correspond to lesser values for this distance. 
These curves varied considerably in shape with 
different oscillating gas columns and different neck 
dimensions. They exhibited, however, the common 
characteristic of a continual decrease in pressure 
amplitude (and associated energy transfer) with 
increasing piston extension. 

Piston extensions up to three times the minimum 
length required for complete damping were in- 
vestigated and in no instance did the oscillation ever 
reappear. No correlation was discovered between 


gas 

















FIGURE 3. Effect of piston extension on pressure ampl tude. 


Pressure amplitude increased by decreasing distance bet 


liquid surface 


ween cold tube end and 


the piston diameter and the minimum piston exten- 
sion required to damp an_ oseillation of given 
amplitude; neither was the natural acoustic frequency 
of the damper related in any obvious way to its 
effectiveness as a damper. Piston diameters from 
3/8 in. to 1 in. have been used successfully at exten- 
sions not exceeding 50 em to damp oscillations in the 
entire amplitude and frequency range attainable in 
the auxiliary apparatus with the combinations of gas 
columns and liquid baths mentioned earlier. 

The damper illustrated in figure 1, together with 
the oscillating column, constitutes a variable volume 
Equivalent results were also obtained by 
fixing the position of the piston and moving the neck 
assembly. In this case, the neck was mounted on 
a thin piston which was attached to a rod extending 
through a seal in the fixed piston. 

In one series of experiments a porous tissue plug 
was substituted for the neck assembly. The damp- 
ing of oscillations was possible with this 
arrangement. 


system. 


some 


4. Discussion 


The neck assembly is the vital part of the damper 


shown in figure 1. Since oscillations cannot be 
sustained in a tube open at the warm end, one could, 
in principle, attach a large closed volume onto the 
end of any tube to simulate an open end condition 
and thus damp the oscillations without use of the 
neck assembly. In practice, the volume required is 
often rather large and cumbersome. Damper ex- 
periments performed with the neck assembly removed 
have shown that the volume changes alone caused by 
retraction of the piston have little effect on the 
oscillation amplitude. 

The resonator damper has several advantages 
No modification of apparatus design in the cold 
region and no obstruction in the oscillating tube is 
required. This is an important consideration if a 
pumping tube is oscillating. Connections can be 
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provided so that the damper can be removed and 
it can be designed to be vacuum or pressure tight 
if the gas column is oscillating at a mean pressure 
considerably different from atmospheric. In the 
application to the above calorimeter, the piston was 
designed to be vacuum tight. 

The coupling between the damper and oscillating 
system not fully understood. Several workers 
[9,10] have investigated the nonlinear impedance of 
a Helmholtz resonator at large amplitudes and have 
tried to correlate it with energy dissipation in vor- 
tices near the resonator neck. The flow pattern 
near the neck of a damper used in the present ex- 
periments was observed by the smoke technique 
and appeared to be a pulsating jet similar to those 
described in [9]. 

A number of variables, probably not all independ- 
ent of one another, determine whether or not a given 
system will perform sustained oscillations and if so, 
what the wave form and associated energy transfer 
will be. With a given temperature distribution 
throughout the system, the essential requirements 
seem to be that the gas column have a diameter 
small enough (usually less than 's in.), that the cold 
tube end be open to a volume whose characteristic 
dimensions are large compared to the tube diameter, 
that the warm end be terminated with a high acous- 
tic impedance, and that the tube be in good thermal 
contact with its surroundings. This contact need 
not be due to a conducting gas but can be provided 
by metal contact with heat sources or sinks along 
the tube length as was observed in the above calo- 
rimeter. 

Kramers [15] has attempted to treat the gas oscil- 
lations analytically assuming small amplitudes of 
vibration. This linear approach did not account 
for the observed phenomena, a result which is 
plausible considering the oscillation amplitudes en- 
countered in the present work. The possible exist- 
ence of such oscillating states of a thermal system 
has been treated in some detail from an energy stand- 


is 


point by Milne [11]. Milne’s theory predicts periodic 
fluctuations with just the asymmetry observed in 
these experiments. Squire [12] has speculated that 
the occurrence of the Boyle temperature in the os- 
cillating column may play a role in initiating the 
oscillations. Since a column of helium gas readily 
oscillates over liquid nitrogen, this evidently need 
not be a decisive role. 

Since thermal-acoustic oscillations so often ham- 
per low temperature experiments, the need for a 
fuller understanding of them is great. It is felt that 
an apparatus specifically designed to reproduce 
known temperature gradients would be valuable in 
future experimental investigation. 
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Constructional details of the National Bureau of Standards’ new free-air chamber for 


the measurement of 10 to 60 kV x rays in roentgens are given. 


The results of the compari- 


sons of the new chamber with the National Bureau of Standards’ “low’’ energy standard in 


their overlapping range are included. 
to within 0.3 percent. 


The two standard chambers, on the average, agreed 
The maximum uncertainties in the correction factors used for the 


comparison measurements are examined and their sum is compared with the results obtained 


for the chamber comparisons. 


An estimate is also made of the maximum uncertainty, about 


1.3 percent, of an exposure rate determination to be expected when using the 10 to 60 kV 


chamber to measure 10 to 15 kV x rays. 
1. Introduction 


The National Bureau of Standards has con- 
structed a free-air chamber standard, similar to 
the one designed by Greening [1960], for the meas- 
urement of 10 to 60 kV x rays in roentgens. Green- 
ing tested the performance of this chamber by 
comparing the calibrations obtained with it and 
those obtained at the U.K. National Physical Labo- 
ratory for two types of thimble chambers. The 
results of the comparisons were in good agreement 
for x rays generated below 55 kV except for the 
calibration at 37 kV where the difference between 
the two calibrations amounted to 2.6 percent. 

The present paper gives constructional details of 
the new NBS chamber. It also gives the values of 
correction factors which are needed to correct for 
defects in its realization of the roentgen as well as 
results of comparative measurements made with the 
new chamber and with an older one previously de- 
scribed by Ritz [1960]. Uncertainties in the cor- 
rection factors are examined and their sum is com- 
pared with the results obtained for the chamber 
comparison. In addition an estimate is made of the 
inaccuracy of a measurement of 10 to 15 kV x rays 
using the new chamber. 


2. Apparatus 


Major pieces of equipment used in this investiga- 
tion included two x-ray sources, two free-air ioniza- 
tion chambers, a radiation monitor, and ionization 
current measuring systems. 


2.1. New Chamber for 10 to 60 kV X Rays 


Two cross-sectional views of the new NBS 10 to 
60 kV chamber are shown in figures 1A and 1B. 
Most of the construction of this chamber is straight- 
forward but one needs to take special precautions 
with the guard and collector plate combination and 


with tests of the diaphragm and exit apertures. 
Special care is required with the collector-guard 
plate system in order to assure that the length of 
the collecting region is well known. The plate sys- 
tem was machined as a unit until no point on the 
collector was as far as 0.0001 em from the plane of 
the guard plate. According to a previous report 
[Wyckoff and Attix, 1957] lack of coplanarity of 
0.0001 em could cause an error in the collected 
ionization of less than 0.05 percent. 

To reduce the possibility of differences in contact 
potential between the collector and guard plate, 
they were both coated with a thin layer of colloidal 
graphite. This coating did not change the measured 
lonization, indicating that this precaution was actu- 
ally unnecessary. 


Figure 1A and 1B. 
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To test the influence of the exit and entrance 
apertures on the collecting field in the region of the 
collector, x-ray measurements were made with dif- 
ferent size apertures. Entrance apertures of 1 and 
5 mm and exit apertures of 4.2 and 13.1 mm diam 
were used. A monitor chamber located in the beam 
behind the 10 to 60 kV chamber measured the 
radiation passing through the 10 to 60 kV chamber. 
The ratio of the ionization obtained in the 10 to 60 
kV chamber to that obtained in the monitor was 
independent of the aperture size, at least to the 
imprecision of measurement which had a standard 
deviation of about 0.12 percent. It thus appeared 
that neither the entrance nor the exit aperture 
diameter had an influence of as much as 0.12 percent 
on the field in the collecting region. 


2.2. Chamber for 20 to 100 kV X Rays 


The NBS chamber for measurement of 20 to 100 
kV x rays, already described by Ritz [1960], has 3 
different collectors of 1, 3, and 7 em width, respec- 
tively. Ritz reported that the exposure measured 
with the 1 em collector differed from that obtained 
by the 7 em collector by as much as 0.3 percent at 
the softer radiation qualities. At the present time 
the 1 em collector plate produces too low an ioniza- 
tion current compared to that of the other 2 collectors 
by as much as 0.9 percent. Subsequent studies 
appear to indicate that the large opening in the 
guard strips (2 em diam) for the beam and the 
proximity of the guard strips and grounded box 
causes distortion of the electric field in the vicinity 
of the 1 em collector. Therefore, for the present 
comparisons only the 3 and 7 cm collectors are 
used. Table 1 gives the important .dimensions of 
the two free-air chambers. 


TABLE l. In portant dimensions of free-air chambers 


20-100 k\ 


2.3. X-Ray Sources 


Two x-ray sources, a and 6, were used for the com- 
parison. Each had a constant potential generator, 
a projected focal spot size of 1.5 mm 1.5 mm and 
a beryllium window of 0.25 mm thickness. The 
radiation from source 6 was highly stabilized, but 
source @ was not well stabilized so that a monitor was 
required with this source. This monitor was located 
in the beam about 150 cm from the focal spot, that is, 
after the beam had passed through a free-air chamber. 


In this position it did not add to the filtration of the 
measured beam and was not subject to heating by 
the x-ray tube. However, the area of the beam 
striking the monitor was dependent upon the size of 
the entrance aperture of the free-air chamber. 

The chambers could be positioned reproducibly in 
the beam. Each chamber was adjusted for proper 
alinement in each beam and the alinement was finally 
checked radiographically. For a comparison, the 
distance between the x-ray focal spot and the defining 
plane of the aperture was adjusted so that it was the 
same for both chambers. This was indicated by a 
cathetometer capable of indicating differences of 
+ 0.005 em. Nominal distances of approximately 60 
and 100 em were used with source a, 36 and 66 em 
with source 6. 


2.4. Monitor Chamber 


The monitor chamber used with source @ was the 
flat cavity ionization chamber described by Attix, 
DeLaVergne, and Ritz [1958] with a front and rear 
wall of 1.6-mm thick carbon and a colloidal-graphite- 
coated plastic membrane between these walls as a 
collector. The collecting volume had a larger cross- 
sectional area than the x-ray beam so its response was 
proportional to the area of the limiting aperture of 
the free-air chamber. Thus the ratio of the response 
of the free-air chamber to that of the monitor was 
independent of the free-air chamber aperture area. 


2.5. Ionization Current Measuring System 
All 


ionization-current Measurements were made 


with a Townsend balance circuit using a capacitor, a 
potentiometer as a precision potential source, a vi- 
brating reed electrometer as a null indicator, and a 
precision chronometer to indicate the duration of 


measurement. With such a technique the current is 
the product of the capacitance and the rate of voltage 


buildup. 


3. Comparison Procedure 


For each comparison, separate ionization measure- 
ments were made with one chamber, then with the 
other and finally again with the first chamber in the 
beam at the same nominal distance from the source. 
Two to eight comparisons were made at each quality 
of radiation listed in table 2. A collecting potential 
for each chamber was used which would give a lack 
of saturation of less than 0.03 percent (as indicated 
by the plots of the type given by Scott and Greening, 
1961, 1963) at all exposure rates used. 

Air pressures were obtained for each exposure from 
a barometer believed to have a systematic error of no 
greater than +0.1 percent and to have a reading 
error of less than +0.02 percent. Temperatures in 
the chambers were determined with thermometers 
installed in the 20 to 100 kV chamber and in the 
monitor chamber and either a thermometer or a 
thermistor device placed in the collecting volume of 
the 10 to 60 kV chamber before and after each set 
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TABLE 2. Typical factors used in the comparison 


Added 
filter 


HVL (Ka ve (1l00—- A+ 
mm Al ¢ 


m Al K 100— K+ 


997 
G97 
997 
QO7 
. 997 
UOT 


Gas 


in 20 to 100 KV chamber 

sing m wide collec n 20 to 100 KV chamber 
lypical values at ambient temperature and pressure, 60 em from source 
lypica tan nt temperature and pressure, 66 em from source 
r'ypical values at ambient temperature and pressure, 


it sem Ww 


‘3 ¢m from source 


of measurements. A separate study showed that 
these four temperature indicating devices agreed to 
within 0.04 percent. When compared to a calibrated 
thermometer, the thermistor had a constant error of 

0.11 °C, and the thermometers each had a constant 
error of 0.2 °C, for which a correction was made. 


4. Computations 


According to the definition of exposure, one ob- 
tains the number of roentgens from the quotient of 
the ion charge in electrostatic units produced by the 
electrons that are generated per 0.001293 ¢ of air. 
However all practical measurements are made under 
conditions of electronic equilibrium and for a free-air 
chamber the mass of gas is defined by the area of the 
defining aperture and the length of the collecting 
region. In addition, small corrections to the actual 
measurement are required for: (a) lack of satura- 
tion, (b) attenuation of photons between the defining 
aperture and the collecting region, (¢) distortion of 
the collecting field defining the length of the collec- 
tion region, (d) loss of electrons which have not 
dissipated all of their energy in the air, (e) gain of 
some ionization from the electrons generated by the 
photons scattered within the air of the chamber, (f) 
leakage of radiation through the lip of the defining 
aperture, (g) leakage of radiation through the front 
face of the chamber, and (h) the presence of water 
vapor in the air. Equation (1) gives the exposure 
rate in roentgens per second. 


“ 2.9979 - 10° 


LA -K, K,- K,-K,-K,-K, 


100 dis 7 
(sore LK, Noah 


the area of the defining aperture 

in em?, 

EL is the collector width in em, 

K is the correction for ionization 
duced by scattered 
percent, 
the correction for loss of ionization 
from secondary electrons because 
of inadequate plate separation in 
percent, 
the correction for lack of saturation, 
the correction for air attenuation 
between the entrance aperture and 
the collecting region of the free- 
air chamber, 
the correction for field distortion, 
the capacitance in farads of the 
capacitor used for determining the 
charge collected from the free-air 
chamber, 
the temperature of the collecting 
volume air in degrees absolute, 
air pressure in mm of mercury, 
the rate of change of potential in 
volt/sec on the capacitor used with 
the free-air chamber, 

Kk, is the correction for radiation leaking 

through the front of the chamber, 

the correction for radiation pene- 
tration of the aperture border, and 
Ky, is the correction for water vapor in 

the air. 

Independent measurements and calculation have 

indicated that A, and A, are equal to one for both 

chambers for the range of qualities used here. 

If subscript R refers to the 20 to 100 kV chamber 

and subscript @ to the 10 to 60 kV chamber, then 

one obtains 


where A 


pro- 
photons in 


K, is 


(Kk )R 
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Pe a (eel. 


Lr: Ar (100—K, 


AV 
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where A, is assumed to be the same for both eham- 
bers in a given comparison. This equation is 
applicable to all comparisons with source b. 

When a monitor is used with source a, the ion 
current in the monitor is proportional to the air 





pressure in the monitor and to the area of the de- 
fining diaphragm for each free-air chamber and 
inversely proportional to the absolute temperature 
of the air in the monitor. As the monitor current 
(corrected to STP) per unit area of the defining 
diaphragm should be the same for both chambers 
one obtains 


(Cn) G(AV m/At) ¢: (Tm) e/(Ae: (Pm) 6) (3) 

(¢ 'm) R(AV », At) r- { Tn) R (Ap: (P...) ») us 

where P,, and 7, are the pressure and temperature 

respectively in the monitor chamber, and C,, is the 

capacitance in the monitor current measuring circuit. 
If one multiplies eq (2) by eq (3) one obtains 
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by assuming that P, is equal to (P,,)¢ and that 
P, is equal to (P,,)z for a given comparison. This 
equation applies to all comparisons made with 
source a. 

Many of the factors in eqs (2) and (4) were 
determined in advance of the comparisons. The 
same capacitor was used for both free-air chambers, 
and the capacitor used with the monitor chamber 
was the same for all comparisons made using source 
a. Therefore, the ratio Cp/Cg in eqs (2) and (4), 
and the ratio (C,,)¢/(CrJrz im eq (4) are both 
equal to one. The ratios of observed effective 
collector widths and observed aperture areas were 
obtained from the data in table 1. Values of the 
corrections for electron loss and scattered photon 
contribution, AK, and K,., vary slowly with the 
quality of the radiation so interpolated values were 
obtained from the data of Ritz [1959]. Values of the 
correction for lack of saturation, A, for each cham- 
ber were determined from experimental data ob- 
tained with each chamber and extrapolation accord- 
ing to the method given by Scott and Greening 
(1961, 1963]. Data for the air attenuation correction, 
K,, were obtained by the experimental method used 
by Day and Taylor [1949]. For the softer quali- 
ties of radiation this factor was so large that it was 
not only a function of distance but also of air pressure 
and temperature. 

Values of the field distortion correction, Ky, 
might differ from one because of space charge and 
distortion of the electric collecting field due to the 
proximity either of other electrodes or of the exit 
and entrance apertures and because of lack of 
coplanarity of the guard and collector electrodes. 
According to Boag [1963], space-charge effects 
causing a lack of saturation should give differences 
in the collected current for the two polarities of 
collecting potential. Differences of as much as 0.12 
percent for the 20 to 100 kV chamber and of 0.02 


| caused by this difference is difficult. 


percent for the 10 to 60 KV chamber were noted but 
the interpretation of the amount of field distortion 
Experimental 
and theoretical data from Kemp and Barber [1958] 


| indicated that distortion because of the proximity 
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of other electrodes should be negligible for the 10 to 
60 kV chamber. Comparative measurements with 
the 3 em and 7 em wide collectors of the 20 to 100 
kV chamber indicated that such distortion was also 
negligible for this chamber. Separate experiments 
likewise indicated that the apertures had no effect 
on the collected current except as already noted for 
the 1 cm wide collector in the 20 to 100 kV chamber. 
The small lack of coplanarity in the collector- 
guard plate systems of the two chambers was also 
assumed to have a negligible effect on the field 
distortion. Thus (Ky)pr/(Ky)q@ was considered to 
be one for the present comparison. Table 2 gives 
typical values used for some of the other factors in 
eqs (2) and (4). 


5. Results 


The results of the comparisons are summarized 
in table 3 and are shown as a function of half value 
layer (mm Al) in figure 2. Table 3 and figure 2 
show the average observed ratio of exposure rates 
determined by each chamber for each quality of 
radiation and with the two radiation sources. The 
ratios tabulated include combined results obtained 
with the 3 em wide collector and with the 7 em wide 
collector in the 20 to 100 kV chamber because there 
seemed to be no systematic difference between the 
two sets of results. The deviations shown below 
ach observed ratio (table 3) indicate the maximum 
deviation from the average. It is seen that the 20 
to 100 kV chamber always reads less than the 10 to 
60 kV chamber. On the average this difference is 
about 0.2 or 0.3 percent. It may also be noted that 
the maximum amount that the observed exposure 
rate differs from one is about 0.4 percent with either 
source. 


6. Analysis of Uncertainties and Errors 


An estimate of the limits of disagreement to be 
expected in the comparison of the two free-air 
chambers was made by a detailed analysis of pos- 
sible inaccuracies associated with all the various 
factors in eqs (2) and (4) as well as those associated 
with factors that do not appear explicity in these 
equations. 

The same capacitor was used to measure the ion- 
ization current in the two free-air chambers. This 
capacitor was calibrated before, during, and after the 
results were obtained for this experiment. The 
calibration technique was such that a change in the 
value of the capacitance of less than 0.01 percent 
could not be observed. The observed value of the 
capacitance appeared to vary over a range of 0.03 
percent for a period of 38 months. In view of this 
relatively slow change in the observed value of the 
capacitance and the fact that the ionization current 
measurements immediately followed one another, it 





TABLE 3. Summary of comparisons of 20 to 100 kV and 10 to 60 kV chambers 


kV 20 | 20 


Added filtratio1 (mm Al) * 
Half value layer (mm Al) 
Number of comparisons 


20 to 100 kV chamber exposure rate 
10 to 60 KV chamber exposure rate 
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Source a 


Haif value layer (mm Al 
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20 to 100 kV chamber exposure rate 
10 to 6) kV chamber exposure rate 
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® Added to an inherent filtration of 0.25 mm Be, 


rate 
in mm of Al. 


Figure 2. Ratio of exposure versus half value layer, 


seems reasonable to assume that the bias in the 
observed ratio of capacitances, Cr/Cg, is negligible. 

The observed effective widths of the 7 and 3 cm 
collector plates of the 20 to 100 kV chamber and the 
1 cm collector plate of the 10 to 60 kV chamber are 
calculated from single measurements at three differ- 
ent places along the collector height, at the middle, 
near the top and near the bottom. The measuring 
device used for these measurements is claimed to be 
accurate to within +0.02 percent. In the absence 
of more measurements and in view of past experi- 
ence with similar measurements, it is estimated that 
the standard deviation of a measurement is no more 
than 0.02 percent. Thus, the uncertainty in the ratio 
of observed effective widths is estimated to be no 
more than +0.11 percent, based on a standard de- 
viation of 0.02 percent and an allowance of +0.02 
percent for systematic error for each width. 

The observed average area of each defining aper- 
ture was determined from 24 to 26 measurements of 
their diameters using devices claimed to be accurate 
to within 2 parts in 10,000. The apparent variation 
in the observed diameters of the apertures resulted 
largely from the irregularities of the aperture sur- 
faces and from out-of-roundness. The standard 
error of the observed average areas of the apertures, 
due to imprecision in measuring any given diameter 
and to the variation in diameter with position, 
was computed to be 0.004 percent and 0.021 
percent for the 20 to 100 kV and 10 to 60 kV 
free-air chamber apertures respectively. 
ard error of the observed ratio of average areas 
(estimating Ag/Ag), based on the propagation of 
error formula, is thus 0.021 percent. The uncertainty 
of the ratio of average areas is taken to be +0.063 
percent (three times the standard error). The 
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relative areas were also determined ionometrically, 
on three separate occasions, with one of the free-air 
chambers. The average value of the ratio of ioniza- 
tions obtained with this ionometric technique fell 
within the range of three times the standard error 
of the observed ratio of average areas computed from 
measurements of the diameters of the apertures. 

Values of the electron loss and scattered photon 
contribution corrections for each chamber were 
calculated according to the method described in 
NBS Handbook 64 [1957] from data of Ritz [1959]. 
As seen in table 2 the ratio of corrections for each 
chamber, as they appear in eqs (2) and (4) (100 
—K,4+-K,,)¢/A00—K,+K,.)r, differ from 1 by only 
about 0.3 percent. Of this 0.3 percent, much less 
than one-third was due to electron loss, K.. Data 
for computation of the scattered photon contribu- 
tion correction, A,., have also been obtained experi- 
mentally by Allisy and Roux [1961]. Differences in 
the computed ratio due to differences in these two 
sets of data amounted to a maximum of 0.04 per- 
cent. Since the correction for electron loss was so 
small, the maximum difference of 0.04 percent in 
the scattered photon correction computed from the 
two sets of data was used as an estimate of the error 
in the scattered photon, electron loss correction for 
each chamber. Thus, the maximum error is the 
ratio (l00—A,+K,.)¢/100—K,.+K,.)r about 
t+ 0.05 percent. 

As indicated earlier, the correction for lack of 
saturation in either chamber amounted to not more 
than 0.03 percent. However, even if the theory used 
for such extrapolation is not exact (and there is no 
experimental evidence for this) one would expect the 
correction for the lack of saturation of the two 
chambers to be similar because the diaphragm areas 
and the collecting field strengths are similar. There- 
fore it is estimated that the error in the ratio of 
(K.)r/(K,)¢ could not be more than +0.01 percent. 

The observed ratio of the air attenuation correc- 
tion for each chamber, (K,) 2/(K,)¢, was determined 
on 2 to 3 separate occasions for each of the qualities 
of radiation used in the comparisons for the differ- 
ence in air absorption path lengths indicated in 
table 1, and normalized to the same air density. 
The standard deviation of the average of two to 
three observed ratios, based on 10 sets of two ob- 
servations and 14 sets of three observations, is 0.05 
percent. The uncertainty in this ratio is taken to 
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be three times the standard deviation of the average, 
or +0.15 percent. 

The ratio of the correction for field distortion in 
each chamber, (K,)p2/(K,)¢, could be uncertain be- 
cause of lack of coplananty of the collector and 
guard plate for each of the chambers and because of 
field distortion caused by the proximity of either 
other electrodes or the entrance and exit apertures. 
According to Ritz [1960] the guard strips in the 
20 to 100 kV chamber would cause an error of less 
than 0.1 percent in the widths of the collecting region. 
The width of the collecting region in the 10 to 60 
kV chamber should not be influenced by more than 

few hundredths of 1 percent by the proximity of 
other electrodes. However because of possible space 
charge effects, which are difficult to evaluate at this 
time, it was assumed that this ratio had a maximum 
uncertainty of +0.20 percent. 


fa hl 


lhe error in the observed ratio of temperatures, 
Tr/T., is due to disagreement between the tempera- 
ture indicating devices at the same temperature 
(which includes a possible reading error of no more 
than 0.02 percent), the temperature indicating device 
heat source or sink (important for the 
10 to 60 KV chamber only) and a possible tempera- 
ture gradient between the collecting region air 
volume and the temperature indicating device (20 
to 100 kV chamber only The devices appeared 
to agree with one another to within 0.04 percent. 
In subsequent investigations, it was found that 
placing the thermometer or thermistor into the 10 
to 60 kV chamber collecting region air volume before 
and after an exposure might lead to an error in the 
determination of 7, during exposure of as much as 

0.05 percent. The error in 7'z, due to the possible 
temperature gradient mentioned above, is estimated 
to be no more than +0.03 percent since the rate of 
change of the temperature of the air volume is small. 
The total systematic error in the observed ratio 
Tp/T¢ is assumed be 0.04 percent and the total 
random error is assumed to be 0.06 percent. The 
total uncertainty in the observed ratio, T/T, is 
therefore +0.22 percent. 


acting as a 


The same pressure indicating device was used to 
measure both P, and P, during any given com- 
parison. The maximum observed change in pres- 
sure during any one set of comparisons was 0.04 
percent. The maximum error in reading the pres- 
sure was estimated to be no more than +0.02 
percent. 
P./Ppr was taken to be that 

0.05 percent. 

Since, for comparison measurements made with 
source 6 with any given chamber, the value of the 
change in potential for that chamber, AV, is held 
constant while the time interval, At, is observed, the 
error in the observed ratio of the rate of change of 
potential depends on constant errors in the AV’s and 
At’s plus random errors in the At’s. The constant 
errors in the AV’s are about +0.015 percent. The 
constant errors in the At’s are estimated to be about 
+0.02 percent. The standard deviation of the 
average ratio of At’s, based on 60 sets of three obser- 


The error in the observed ratio of pressure 


due to reading error, 


vations, is as much as 0.04 percent. The total 
uncertainty in the observed ratio (AV/At) g/(AV/At) ¢ 
is assumed to be +0.19 percent. 

Since the same temperature indicating device was 
used to determine the observed temperature of the 
monitor in all comparison measurements, the source 
of error in the observed ratio (7’m)¢/(Tm), is 
reading error estimated to be not more than about 

0.02 percent for each temperature measurement, 
which results in an estimated error of +0.03 percent 
in the ratio. The total uncertainty of the observed 
ratio is taken to be +0.09 percent. 

The same capacitor was used for determining the 
monitor chamber current for each free-air chamber. 
This capacitor was also calibrated before, during and 
after the results were obtained for this experiment. 
The calibration technique was such that a change 
in the value of the capacitance of less than 0.01 
percent could not be observed. The observed value 
of the capacitance appeared to vary over a range of 
0.02 percent for a period of 38 months. In view of 
this relatively show change in the observed value 
of the capacitance and the fact that the ionization 
current measurements immediately followed one 
another, it seems reasonable to assume that the 
bias in the observed ratio of capacitances, (C,,) 

C.,)r, is negligible. 

The observed ratio of changes of potential 
(AV/AV,,) r/(AV/AV,,)¢, (source a) has an error that 
is composed of four possible biases and four random 
errors due to reading the potentiometers. The 
biases in each of the AV’s is about +0.015 percent. 
The random error of the individual AV’s cannot be 
determined since the output of the source was not 
stabilized. However, since the value of the change 
of potential observed with the free-air chamber 
relative to that observed with the monitor should 
be approxim: ately constant for any one comparison 
measurement, one can obtain an approximate measure 
of the standard deviation of the observed individual 
ratios, (AV/AV,,),2 and (AV/AV,,)¢, from their ranges. 
Using the propagation of error formula, the average 
standard error of the observed ratio (AV/AV,,), 
(AV/AV,,)¢ was computed to be 0.06 percent based 
on 117 sets of four observations and 23 sets of three 
observations. Thus the total uncertainty in this 
ratio is assumed to be +0.24 percent. 

One must also consider the degree of unreliability 
of other possible factors not explicitly included in 
the equations which might influence the uncertainty 
of a comparison. In this category are the constancy 
of x-ray output and inaccuracy of positioning of the 
two chambers. 

As indicated earlier, the relative position of each 
chamber could be adjusted to within 0.005 cm. At 
the source-to-chamber distances used with source 
a an error of +0.005 cm in positioning either 
chamber should have caused no error in the com- 
parisons. However, at the shorter  source-to- 
chamber distances used with source 4, an error of 

+(.005 em in positioning either chamber would have 
led to an error of about +0.03 percent in the 
comparisons. 
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TABLE 4. Components of maximum uncertainty in comparison 


Uncertainty (percent) 


source a source b 


+-() 


Positioning 
Output constancy 


Square root of sum of 


Sum of absolute valt 


A measure of the x-ray output constancy (im- 
portant only for source b) may be obtained from 
a comparison of the exposure rate obtained with 
one chamber before and after measurement obtained 
by the other. The maximum difference obtained for 
all comparisons with source 6 amounted to 0.1 
percent. However, this apparent difference could 
be due also to the random and possible biases in 7, 
AV/At, JT and positioning of the chamber. The 
square root of the sum of the squares of the errors 
in these four factors is 0.29 percent. Thus the 
observed variation in output is less than the random 
errors and biases in the four separate factors, so no 
additional uncertainty is attributed to output 
variation. 

The components of the maximum uncertainty of 
the comparisons are summarized in table 4. The 
square roots of the sums of squares are seen to be 
0.44 percent for source a and 0.41 percent for source 
b. If in the worst possible situation it is assumed 
that all of the uncertainties are in the same direction, 
then one obtains the maximum uncertainty by adding 
the absolute values of all the uncertainties associated 
with the various factors in eqs (2) and (4) plus those 
due to positioning and to output constancy. For 
this sum, one obtains 1.05 percent for comparisons 
with source a and 1.03 percent with source 6. 


7. Uncertainty of Exposure Rate 
Determinations With the 10 to60 kV Chamber 


It is also of interest to estimate the uncertainty of 
exposure rate measurements with the new chamber 
and to speculate as to how this can be reduced. — It is 
convienient to consider separately the uncertainties 
of each of the factors contained in eq (1) and then 
obtain their sum as an indication of the maximum 
uncertainty to be expected in the determination of 
exposure rate. As many of the factors will depend 
upon the distance of the defining aperture from the 
x-rav foeal spot and upon the quality of radiation, 
values for these must be assumed before considering 


numerical uncertainties in the components. This 
chamber will often be used for the calibration of 
Grenz-ray chambers. Therefore a distance of about 
25 em together with an x-ray voltage of about 10 or 
15 kV will be assumed for the present discussion. 
The uncertainties of many of the components in eq 
(1) will be maximized by such a choice, so that the 
actual uncertainties for harder qualities and at larger 
distances may be somewhat less. 

The calibration report of the capacitance C indi- 
cated a maximum uncertainty of +0.05 percent. 
During the course of this investigation it was found 
that the drift in the value of the capacitance 
amounted to less than 0.01 percent in several 
months for some capacitors. Therefore it seems 
reasonable to indicate a maximum uncertainty of 
+0.05 percent for the capacitance C. 

The uncertainty of the observed ratio AV/At has 
been considered in the previous section. There it 
was indicated that the total uncertainty in the 
observed ratio is assumed to be +0.19 percent. 
This of course assumes that the voltage measuring 
device has been recently calibrated and that, with 
the present equipment, Af is 20 sec or more. 

As indicated above, the standard deviation of a 
measurement of the effective width of the collector 
is assumed to be no more than 0.02 percent, and an 
allowance of +0.02 percent is made for systematic 
error. Thus the total uncertainty of the observed 
effective collector width is assumed to be +0.08 
percent. The measurements of the aperture area 
were indicated previously to have a standard devia- 
tion of 0.02 percent. To be conservative, the 
maximum uncertainty in the area is taken to be 
three standard deviations, or +0.06 percent. 

At 10 or 15 kV and minimum filtration the value 
of the air attenuation correction factor is consider- 
ably larger than that considered during the com- 
parison of the two chambers. Preliminary 
indicates that the value of A, for the 3.9 em air 
absorption path is approximately 1.2. The standard 
deviation of the average of three observed values of 
K, in this quality region, based on 8 sets of three 
observations and normalized to the same air density, 
is 0.10 percent. The uncertainty in A, is taken 
to be three times the standard deviation of the 
average, or +0.30 percent. 

It was pointed out earlier that field distortions 
due to the proximity of other electrodes in this 
10 to 60 kV chamber would be minimal. However, 
because of the possible space charge effects, it is 
assumed that the inaccuracy of K, is about +0.1 
percent. 


data 


It is also difficult to assign an absolute uncertainty 
to the value of the correction for lack of saturation, 
K,. If one assumes that the theory developed by 


Scott and Greening is correct, then the actual 
correction for lack of saturation is only about 0.01 
percent for the useful range of this instrument. 
Thus, if one assumes that the theory is correct, the 
uncertainty is most likely less than 0.01 percent for 
this factor. 

One can compute the transmission of radiation 





through the front wall of the new chamber, or one 
can plug up the aperture and experimentally deter- 
mine the value of K,;. In either case it can be 
shown that the contribution due to transmission of 
radiation through the front wall of this chamber is 
negligible compared to the total reading. 

One may also compute the amount of radiation 
penetrating the aperture border. It may also be 
shown that the amount transmitted is negligible 
compared to that defined by the aperture. 

It may be shown that for any reasonable value of 
temperature, pressure and water vapor in the air, 
the correction for humidity is not more than about 
0.50 percent. The magnitude of this factor of 
course depends upon our knowledge of the average 
energy required to produce an ion pair in water 
vapor compared to air and the relative stopping 
power for electrons in water vapor and dry air. 
These errors should not cause an inaccuracy of more 
than +0.05 percent in K,. 

For the chamber and qualities of radiation being 
considered here, the value of the electron loss cor- 
rection is estimated to be less than 0.01 percent and 
the value of the scattered photon contribution 
correction is the order of 0.4 percent. Ritz (1959) 
indicated an uncertainty of about +0.1 and +0.2 
percent, respectively, for these two quantities. 
Therefore the uncertainty of the factor (100/100— 
K.+K,,) is assumed to be +0.03 percent. 


The chamber has since been fitted with a therm- 


istor device for indicating the temperature. This 
has been placed on the guard plate and found to 
follow quite accurately the temperature of the air 
inside of the chamber. Therefore, in the future use 
of this chamber the maximum inaccuracy which 
could be expected in the temperature is +0.03 
percent. 

The: maximum error in reading the 
pressure is estimated to be no more than +0.02 per- 
cent. It is assumed that a correction will be made 
to the indicated pressure reading for the systematic 
error of the device determined from recent calibra- 
tions. Therefore, the overall uncertainty of the 
observed pressure is taken to be three times the 
standard error of +0.02 percent, or +0.06 percent. 

The position of the chamber can be adjusted to 
+0.005 em. At a distance of 25 em, an error of 
+0.005 em in positioning the chamber could cause 
an uncertainty of +0.05 percent in the exposure 
rate determination. 

We might also consider the uncertainty 
duced because of variation in the x-ray tube output. 
However, as indicated before no extra allowance 
needs to be made for such an uncertainty. The 
components of the maximum uncertainty of an 
exposure rate determination using the 10 to 60 kV 
chamber are summarized in table 5. The 
root of the sum of squares is seen to be 0.50 percent. 
If in the worst possible situation it is assumed that 
all of the uncertainties are in the same direction, 
then one obtains the maximum uncertainty by 
adding the absolute values of all the uncertainties 


observed 


| 





| attenuation, 


intro- | 


square | 


associated with the various factors in eq (1) 
those due to positioning and output constancy. 
this sum one obtains 1.27 percent. 


plus 
For 


TABLE 5. Components of maximum uncertainty expected with 


10 to 60 kV chamber 


Factor Uncertainty 


Kh 
100/100—AK.+K,.) 
P 
Constancy of output 
Positioning 


Square root of sum of squares 
Sum of absolute values 


8. Possible Future Increase in Accuracy 
of Exposure Rate Determinations With 
the 10 to 60 kV Chamber 


One can see that the major contributors to the 
inaccuracy of exposure rate determinations with the 
10 to 60 kV chamber are the uncertainties asso- 
ciated with the corrections for: (a) electron loss, 
K,, (b) scattered photon contribution, K,,, (c) field 
distortion in the collecting region, AK,, and (d) air 
K,. The uncertainty in K, could be 
reduced somewhat by more measurements. The 
field distortion uncertainty is a more difficult problem 
and it would probably require considerable effort in 
order to make a major reduction in this uncertainty. 
It might also be worthwhile to determine K, and 
K,, more accurately. Here again a major effort 
would be required in order to appreciably reduce 
the uncertainty in these factors. Thus it appears 
that one might reduce the maximum inaccuracy of 
a measurement of 10 to 15 kV x-rays with this chamber 
by a few tenths of a percent with some extra effort 
but reducing it by as much as a factor of two would 
require a major effort. Such a major effort might 
be worthwhile to reduce possible disagreement 
between national standards but there is a real ques- 
tion as to whether the effort is necessary for calibra- 
tion of clinical x-ray measuring instruments. If 
there is a medical requirement for greater accuracy 
in this quality range, x-ray sources of greater sta- 
bility and clinical instruments capable of better 
reproducibility than are generally available will be 
required. In the meantime the new chamber seems 
adequate for present needs. 


The authors thank Churchill Eisenhart, Harry Ku, 
and David Hogben for their help with the statistical 
analysis of the results of this experiment. 
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A Compensated Solenoid Giving a Uniform 
Magnetic Field Over a Large Volume 


Chester Snow* and Raymond L. Driscoll 
(October 7, 1964) 


The magnetic field anywhere inside a long solenoid with two symmetrically placed auxiliary 
windings is expressed in terms of zonal harmonics. Formulas are given that enable one to 
compute the size and position of the auxiliary windings that make the field most uniform 
at points in the neighborhood of the center of the solenoid. 


Inquiries from workers in the field of nuclear resonance have indicated their need of a 
region of uniform magnetic field of considerable volume. The field at any point in a solenoid 
can be calculated with an accuracy consistent with one’s knowledge of its geometry and current 
but the uniformity of field inside ideal coils of reasonable length is not sufficient over the volume 
required to develop a satisfactory nuclear resonance signal at the 10 G level. 

The following analysis shows how the variable part of the field near the center of a solenoid 
can be nearly compensated by two symmetrically placed auxiliary windings. This method of 
compensation has been suggested and used by others ! but a detailed analysis does not appear 
to have been published. 

The solenoid is treated as a current sheet made up of ' turns of tape winding per unit 
length. The tape carries the current J, and the space between the turns of tape is assumed to be 
at 7\, 7, and T;, 7% are treated as current filaments carrying the current /; each, where 
I, =N,J and _N;, is a disposable constant. The winding channels of the two auxiliary coils must 
each have linear dimensions of its axial section, say 6 and d, such that 6?/a} and d?/a? are so 
small compared with unity as to be negligible to the precision desired in the magnetic field. 
The radius a, of each auxiliary coil and its axial position are to be determined so as to make 
the magnetic field most uniform near the origin. The equivalent filament that carries the 
current J, will have a trace that may be taken as the geometric center 7; of the axial section 
of the winding channel. 


zero. The two equal and symmetrically placed auxiliary coils as shown in figure 1 with traces 


The points 7; and T, are traces of a current filament of radius a,=r, sin 6, in the plane 
=r, cos 6;. With spherical coordinates r, 6, @ and cylindrical coordinates x, p, @ the only com- 
ponent of the vector potential is A(r, 6)=Ag,(7, 6) and this is independent of the longitude ¢. 
The. spherical components of the magnetic field are 


1 - ; 
. ,|.A(r, 8) sin 6 
rsin 6 D olAt’ wi 


I1,(7r, 0) 


H(r,)=—* D , \rA(r, 6). 


From these the cylindrical components are found by 
HT,= H, cos @— Hg sin 6 
H,—=H,sin 6+ H, cos 6. 


ey 


*Retired, present address: 2520 Harrison Bivd., Ogden, Utah, 
r. A. Heddle, Brit. J. Appl. Phys. 3, 95 (1952); B. Lewis, Brit. J. Appi. Phys. 1, 288 (1950); M. W. Garrett, J. Appl. Phys. 22 1091 
M. FE. Gardner, J. A. Jungerman, P. G. Lichtenstein. and C. G. Patten, Rev. Sci. Instr. 31, 929 (1960). 
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1951), 





The vector potential at P(r, 6) due to a egs unit circular current with trace at 7;(7,, 6) is 


given by 
r\"P*, (cos@)P, (cos @;) .. 
) ine Vif 0<r<nr,; 


A(r, @)=27sin 6 sin’ 6; X( 
n(n+1) 


n=1 ry 


27 sin @ sin? 6, >> 


n=1 


n\'t!P* (cos6@)P%, (cos6,) . 
( ‘) if r>nr,, 
; n(n-+-1) 


. ; . ‘ d 
where P,,(u) is Legendre’s polynomial and P),(u) denotes } P,(u). 
i au 


The effect of the two symmetrically placed equal filaments each with current /, is found 
from the first of these expansions, by superposition and noticing that in reckoning the effect of 
the filament on the left, the term P}, (cos 6,) must be replaced by P}, (cos (r—6,)) =P}, (—cos 6) 


(—1)"*'P* (cos 6). 
The vector potential at P(r, 6) of both current filaments is therefore 


pr \?*-! P.__, (cos'8)P,,-, (cos 0,) 
) on-1 2n-1 when 0<r<r, 


2n(2n—1) 


A (r, 0)=4rT, sin 6 sin? 4, Ht | 
n=1 r) 


which applies therefore at points inside the solenoid near the origin. 


d 


By use of Tu —v(v+1)P,(u) it is found that the field components are 
( 


[((1—w?)P?(u)] 


an? 8, -. 77 \~* : 
7S ( ) Pon-, (COS 9)P5n_-, (COS 9;); 


/ n=1 \!) 


HY =4rl, 


pe ne r\28-! Pp) (cos 6)P3, (cos 9,) 
He —4rl, sin- 6, : > ( ) “- - — —-* 
r = hs 2n—1 


n=1 ry 
To obtain from these the expressions for the cylindrical components HH, and H, it is neces- 
sary to make use of the two relations 


(1—w?) Pi(u) +vuP,(u)=vP,_,(u) 


and 
_ 


uP)(u)—vP,(1) (uw). 


We find 


HH? (r. @) 4rl, sai "1/1435 : ) P,, (cos 6)P3,..; (cos 6) | ) 


} n=1 \""y 


l 


—4rI, sin? 8, sin 6 a (" )" P;,, (cos 9)P3,,.1 (cos 4, ) 
r; nai \" 2n+1 


H™ (r, 6) 
The vector potential of the current J (egs units) in the current sheet with N turns ‘per em 


is found by integration to be 
——— l se (cos 6)P%,, (cos a) 
A“ (r, 0)=4xNIr sin 6] = cos a—sin*? a >) + = . 
2 n=1\C 2n(2n-+1)(2n+2) 
at a point P(r, 6) inside the current sheet. 
From this we find 


‘ - 5 wa/fl\" Po, (cos 0)P3, (cos a) 
H®(r, 8) tnNI| cos «—sin® a 33 ( ued gene 
c al 


n=1 


(: mn (COS 6)P3,, (cos a) 


HH") (r, 0)=4xNI sin? a sin 0 ¢ 2 


2=1 \C 2n(2n+1) 
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For the case where the filament currents and solenoidal current circulate in the same 
sense around the s axis we place N,/= J, in eq (1) and add eq (2). 
The resultant magnetic field inside the solenoid has the components 


>> ( r y P, (cos 0)Ps, (Cos a) 


n=1 \¢ 2n 


H,(r,0)=42rNI { cos a+C) sin? a—sin* a 


Saat pees 2 (r\* P;,, (cos 0)Pen (COS a) 
Hp(r,0)=42NI sin’ a sin 9 >) ( ) ae or 
n=1 \C 2n(2n+1) 
where 
. N, sin? 6; 
( o= y a) 
Nr; sin’ a 
2n ~—- P22, (COS a) 


(7) 
c 2nPon+1 (COS 6;) 
Also we may place here for reference 


P3(u)=3u 
, a ae 
Pyw=-> (Wu? —3) 


9 
s \. oe 
P3(u,) 5 (jui— 1) 


Pia) ba (21u}—14u7+1) 
8 





For brevity, also let 


u=cos a, and u,=cos 4; 


where all three are positive (since 6, refers to the filament on the right in fig. 1). 

The variable part of 7, is the series in (3a). If the first two terms corresponding to n=1 
and n=2 are made to vanish, then the first two terms in the series (3b) for HZ, will also vanish. 
Therefore the approximately uniform resultant field near the origin will be in the axial direction. 

The two equations C,=C, and C,=C, are 


NP3(u) N,(1—u?) 


2P3(u,) eN(1—u?*) 


MPy(u) Ni —u5) 
4P;( U;) cN(1—u?) 


+ 





Figure 1. Axial section of current sheet. 


c=the semi-diagonal of the section 

a=the semi-aperture of its end-circle viewed from O. 
N=number of turns per em (tape-winding 

7=the current circulating 


ad \ 
\ 


»| 
’ 


The points (71, Ti (and) 7%;, 7T’;) are traces of the compensating 
filaments. 
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Dividing the members of eq (7) by the corresponding members of eq (8) gives 


2P3(u)P:(u) 
Pi(wP3(4) 
or, in view of eq (5), 
r . | @—1/3)?—4/63 
lene eB I ot (9) 
c \ 5(u*—3/7)(uj—1/5 





which must be real. We consider only the case of a relatively long solenoid in which 
u=cos a> y$=0.6547 or 0<a<49°6’. In order that » be real it is necessary that the value 
of u;(=cos 6,) to be found shall be such that 

(u;—1/3)°—4/63 


(ui—1/5) 


The zeros of the numerator of this fraction are 


— )=0.08136. 


Since in eq (9), uw, occurs in even powers only let 


Z=uU 


ls 


Equation (9) may be written 


-().5853) (2 —0.08136) 
5(w?—8)(2—0.20) oe) 

If the value of 2 to be found makes X real, this will correspond to the case that was 
adopted above in placing /;=+N,/ so the current filaments circulate around the x axis in 
the same sense as the current / in the solenoid. If values of 2 are found that make \ imagi- 
nary, a solution of the problem may still be found corresponding to /, Ni, which is 
equivalent to reversing the sign of C) so that \ will then be real. If \ as given by eq (11) is 
inserted in eq (7), and the relations of eq (5) employed, then 


eN(1—w)P3(u)r 
2N, 


Sa > ~ ie > 
3'eN (1—u?)u [(2—0.5853) (z —0.08136) P” 12 
> , ° (iz) 
2N, 5(u? —#)(z—0.20 


Squaring eq (12) gives the following equation to determine z (which also applies to the 
case in which ) is imaginary): 


, 15 
(1—z) Ps(u)= ~ (1—2)(z—0.20) 


(1—z)?(z—0.20)°>= BI (z—0.5853) (z —0.08136) 


where 


GY aH (39) 


Hence B is a positive constant if u?>% (ora < 49°6’). The numerical solution of eq (13) 
may be found without difficulty when B is given, that is, when the constants c, N, N,, and 


u=cos a are given. 
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If we let 


[(z—0.5853) (z —0.08136) | 
F(2)= (j ae 
oh 


5(u?—#)>” 


og,) CNuU—u?) FP” 
») N, 


M(z—0.20)=F(z) where z=cos? 6;. 16 


equation (13) is equivalent to 


The roots of this equation between zero and one are the abscissas of the points of inter- 
section of the curve y=F(z) and the straight line y=\/(2—0.20). The curve F(z) could be 
plotted once for all, since the constants a and ¢ of the solenoid enter only in the positive slope 
M of the straight line. The general nature of the curve y=F(z) is indicated in figure 2. A 
fairly accurate plot of F(z) and M(z—0.20) versus z is helpful in getting a starting point for 


anaccurate evaluation of the roots by successive approximation. If Z, is a root, the corre- 
sponding value of r; is, by eq (12), 


se 5N, i : 
' ey, cNu(l 5 | Z;)(Z;—0.20) 


which must be positive. There will be two roots of eq (16): Z, in the interval 0.5853. 
7, in the interval 0.08136< Z.<0.20. The latter is inadmissible when /, LNT. 


Figure 2. The curves y=F(z) and y=M(z-1/5) 
plotted as a function of Z. 








The root Z, gives the only value for cos? 6, permitted when the currents in the filament 
circulate around the z-axis in the same sense as the solenoidal current J. If in the opposite 
sense, Z, would be indicated. When the solenoid and the value of the constant N, are arbitrarily 
chosen, this solution gives the best radius and position of the two current filaments in order to 
produce a uniform field in a sphere with center at 0. When the first two terms are thus annulled 
in the series of eqs (8a) and (8b), the next term (n=3) will indicate the principal remaining 
nonuniformity of field near the center by comparison with the constant term (cos a+) sin? a 
in eq (3a). 

The foregoing analysis has been applied to the compensation of a solenoid designated as 
NBS 58080. The constants of this solenoid at 25 °C are N=9.99915 turns per em, ¢e=51.9138; 
em, and cos a=0.963064. For several assumed values of N; the constants of the required 
auxiliary windings have been found and listed in table 1. For each value of Nj, the relative 
contribution of the compensating windings to the field at the center of the solenoid is shown 
in the column headed C, sin? a/cos a. With the terms n=1 and 2 removed from eqs (3a) and 
(3b), the value of 7, at which the term n=3 reaches one part per million (ppm) relative to the 
constant term (cos a+ C) sin’ a) in (3a) will be found in the table under ‘compensated radius.” 
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TABLE 1. Constants of auxiliary windings for solenoid NBS 
58080 


Condition: }=+Nil 


Cosira Comp 
r, cos @ ri, siné radius 


COS @ 


9946 0.7903 0.9423 
. 6356 693 6938 
2097 602 2805 
1204 592 1767 


Constants of auxiliary windings for solenoid NBS 
58080 


Condition: Ih=—Nil 


sinta Comp 
r, cos @; ri, siné@ radius 


COS a 


9946 0.1139 | 0.8017 
6356 100 5823 
2007 OR52 2438 


1204 0829 1547 


Corresponding values for the condition /, N,J have been found and are listed in table 2. 
There appears to be nothing in favor of the latter case, unless the relatively close spacing of 
the auxiliary windings is especially appropriate to an experiment. To give an idea of the 
expected improvement over the uncompensated solenoid, we calculate the term n=1 in the 


series of H, (eq (2)) relative to the constant term cos a, and find that it reaches 1 ppm at 


r=0.16 cm. 


We assume in what follows that the solenoid construction is accurate to 1 ppm. When 


deciding upon a design, one has to consider the accuracy required in the construction of the 
auxiliary coils in order to realize a given accuracy in the combination. If an accuracy of, say, 
1 ppm is desired and an experiment requires a uniform region whose volume has a radius of 
7.5 cm the required accuracy in the compensating coils (N,=49) is about 1 part in 20,000, a 
rather severe requirement. On the other hand, a uniform region with 2 em radius (N,;=0.25) 
can be had for an accuracy of only 1 part in 1,000 in the construction of the auxiliary windings. 


Obviously it does not pay to compensate over a region larger than necessary. 
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Evaluation of a Microwave Phase 
Measurement System 


Doyle A. Ellerbruch 


(August 27, 


1964) 


The best phase measurement sensitivity and accuracy are attained in a dual-channel 


balanced bridge type system. 


Two similar dual-channel 
report; these being the homodyne system and the modulated subcarrier. 


discussed in this 
Both require 


Systems are 


low-frequency amplitude modulation in one of the channels; however, the homodyne system 


uses a balanced modulator. The 


difference 


in system theory due to the amplitude 


modulation difference is discussed, and the advantages of each are pointed out. 


The standard 


phase shifter considered for these systems 
reflectometer terminated in a sliding short circuit. 


consists of a modified 
The requirements for a noncontacting 


short circuit are established, and its theoretical and experimental design data are given. 
An error analysis is included, so the total error for any given system can quickly be 


determined. 


errors and adding them together. 


The maximum error can be derived by calculating the limits of the individual 
Equipments and tuning techniques that have 


been 


developed to reduce many errors to a minimum are discussed. 


It is shown that either of these 


automation. 
are included. 


1. Introduction 


A relative phase measurement system that will be 
utilized by the NBS Electronic Calibration Center 
for offering relative phase calibration services on 
most passive microwave devices has been investi- 
gated. The purpose of this report is to present the 
results of this investigation. 

All experimental and theoretical data contained 
in this report were obtained using WR—90 waveguide. 
A discussion of the principles of operation of two 
similar measurement techniques is presented, the 
differences between these two techniques and relative 
advantage of each being pointed out in the section 
on modulation. 

Development of the standard phase shifter for 
with either of the measurement systems is 
discussed. This is followed by a discussion of the 
error sources which are the same for both measure- 
ment techniques. 

It will be shown that the systems discussed in this 
report are readily adaptable to automated calibra- 
tion services, which would reduce calibration time 
and provide continuous rather than point-by-point 
data. Data on various commercial microwave 
devices are included. 


use 


2. System 


The basic circuit configuration used in measuring 
relative microwave phase shift is shown in figure 1. 
Microwave power is generated by a single source and 
divided between the bridge arms. One arm contains 
a reference phase shifter, while the other contains an 
amplitude modulator and the device, the phase shift 
of which is to be measured. The microwave signal 


measurement 
Samples of phase data that were taken from a few commercial components 


systems are readily adaptable to 
































FIGURE 1. The basic phase measurement bridge circuit. 
propagating through the arm containing the un- 
known is amplitude-modulated at a convenient low 
frequency. 

The signals from the two arms are recombined in a 
crystal detector. When pure sine wave modulation 
is impressed, a band pass filter tuned to the funda- 
mental modulation frequency is included as a har- 
monic rejector. The second harmonic arising 
through recombination of the carrier and modulated 
subearrier is blocked by the filter, and the funda- 
mental frequency component is allowed to proceed to 
the amplitude indicator. 

Because the microwave signals traversing the two 
arms are coherent, the resultant signal present in the 
detector can be expressed by the use of the law of 
cosines. From the vector diagram shown in figure 
2a, it is seen that 

E ,/?=|E,|?+ |£,|?—2|E,| |E.| cos ¢, (1) 
where F, is the amplitude of the component that 
reaches the detector through the standard phase 
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FIGURE 2. Change of anale wt brid 


ga lge null due to a change in 


shifter, /, is the amplitude of the component that 
reaches the detector through the modulator and phase 
shifter under calibration, and /, is the resultant 
amplitude incident on the detector. The power out 
of the square law detector is then proportional to £7. 
Only those terms in (1) which contribute to the 
fundamental modulation frequency need be con- 
sidered from here on. We have, therefore, only to 
consider the last two terms. This equation will be 
discussed in detail in the section on modulation; at 
this point; a general consideration of the equation is 
sufficient. 

Considering the last two terms of (1), 
seen that the magnitude of 
varies from zero to a maximum as the angle ¢ is 
varied. Proper bridge balance is arbitrarily assumed 
when the magnitude of the modulation signal is zero. 
This choice is made because maximum bridge 
sensitivity is attained at the null condition. 

A change of microwave phase shift through either 
arm of the microwave bridge will cause a change at 
the detector ¢@ and, hence, in the measured amplitude. 
The phase device to be calibrated (relative phase) 
is inserted into the system, and the reference phase 
shifter is adjusted to produce a null at the indicator. 
Then, any phase advance or retardation in the wave 
emerging from the unknown can be exactly counter- 
acted by an identical change of phase in that wave 
through the standard. The ch: ange of phi ise through 
the unknown device is, then, exactly equal to the 
change of phase through the reference phase shifter. 


it can be 
the adenine signal 


2.1. Modulator 


Double sideband, pure amplitude modulation, 
with or without carrier suppression, may be e mployed 
in this system. Either of these types of modulation 
is satisfactory; however, certain distinguishable 


characteristics must he considered when de ‘termining 
the type of modulation to be used. 
Utilization of double sideband with unsuppressed 


carrier, or simple amplitude modulation, results in 


the modulated subcarrier phase measurement system. 
The theory for this system has been presented in 
reference [1].!_ As mentioned in the previous section, 


! Figures in brackets indicat ie literature references at the end of this paper 


only the last two terms of (1) contribute to the 
power into the detector at the modulation frequency. 
The other terms either contain no modulation fre- 
quency component or are amplitude modulated at 
twice the fundamental rate. Assuming square-law 
detection, the modulation frequency component of 
the voltage from the detector, Vy, is proportional to 
ie: i.6., 
Via2 mE, (EE; I, cos ¢) Cos a,f, 

where m is the modulation index at angular frequency 
w,. According to this equation, an amplitude null 
occurs when £, cos ¢=F. It follows that the angle 
@ at which the null occurs is entirely dependent 
upon the relative magnitudes of /, and Fy. The 
angle @ at which a null occurs for various magnitude 
ratios has been tabulated [1] and is reproduced in 
this report as table It can be seen in figure 2b, 
that, if known magnitude ratio occur 
during the phase calibration, the corresponding 
angle change, Ag, must be appropriately entered in 
the measurement data or this data will be in error 
by the amount Ag plus the other system errors. A 
procedure for averaging out any error due to ratio 
changes during measurement is outlined in reference “e 
[1]. When that measurement procedure is used, 

is not necessary to determine the ratio change. 


changes 


TABLE 1. Angular 


relationsh p various 


re lative 
siqna 


Use of double sideband modulation with suppressed 
carrier, i.e., use of a balanced modulator in the 
system, results in a homodyne measurement tech- 
nique discussed in reference {2}. When this type of 
modulation is used, only the last term in (1) con- 
tributes to the fundamental modulation frequency, 
whose amplitude can be given as 


Vix —2E,Eym cos « 


v,¢ COS oO. (3) 
The angle @ is the angle between the two signals 
shown in figure 2. From this equation, it can be 
seen that a null occurs when ¢=90°. Further, the 
angle @ is not dependent upon the relative magnitudes 
of the signal out of each arm. Therefore, it can be 
seen that the advantage of an ideally balanced 
modulator is that the calibration data need not be 
corrected for changes of the amplitude ratio. This 
advantage is never fully enjoved, however, because 
no ideally balanced modulators exist. Some residual 
carrier is always present from the modulator, and 
this residual carrier combines with the other signals 
as shown in figure 3. For this condition, the tabu- 





lated data for the relative magnitude ratio presented 
in table 1 applies, where the magnitude /,, now 
refers to the magnitude of the residual carrier. 
Failure to take this angle change into account results 
in an error identical to that for the modulated 
subearrier system, which can be corrected using the 
averaging process for the modulated subcarrier 
system [1]. 

A balanced modulator has been constructed [3] 
which is capable of suppressing the carrier to a 
level 45 dB or more below the signal incident at the 
modulator. If equal powers were delivered to the 
detector through each bridge arm, the relative phase 
relationship for the system would be that shown in 
figure 3b, where the angle @¢ is the angle in table 1 
corresponding to the relative magnitude ratio of 45 
dB. If, however, the signal incident on the detector 
through the unknown arm remains 20 dB or more 
below that from the reference channel, the magnitude 
ratio is increased to 65 dB or more making any 
phase changes due to the residual carrier level 
change negligible as can be seen from table 1. 


2.2. Standard 


The standard or reference phase shifter is a device 
which introduces the required relative phase change 
at the required accuracy of measurement. The 
standard phase shifter selected for this system is a 
precision waveguide section terminated by a sliding 
short circuit as proposed by Magid [4] and is shown 
in figure 4. The reasons for this choice are its 
broadband capability, small output signal level 
variation with changes of relative phase, and the 
good accuracy attainable when properly constructed 
and tuned. The symbol Ag on figure 4 represents the 
precision waveguide wavelength, and Ad is the short 
circuit displacement within the waveguide. 

Because the position of the short circuit within the 
waveguide is frequently adjusted during the course 
of measurement, it was suggested that ’a noncon- 
tacting type short circuit be developed to eliminate 
excessive wear on the precision section. The initial 
requirements set up for this short circuit were a 
constant reflection coefficient magnitude and con- 
stant reference plane with respect to motion along 
the precision section. A dumbbell, or cylindrical 
slug type arrangement, was selected on the basis of 
its reported behavior [5]. Because it is extremely 
difficult to analyze the configuration shown in figure 
5 analytically, laboratory data were collected to 
justify its use. 

The first test was to determine the variation of 
reflection coefficient magnitude with frequency for 
fixed diameter cylinders of variable length. This 
was accomplished by inserting a single cylinder in a 
swept frequency reflectometer system. The results 
of this test are shown in figure 6. 

The next test series was designed to determine the 
separation of multiple cylinders so that the overall 
reflection coefficient would be optimum. Results of 
this test series indicated that \g/4 is optimum where 
dy is the wavelength in the empty waveguide. 
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FIGURE 
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E flect of residual carrier on the relative phase anale. 








IGURE 5 Standard phase 
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Short circuit ¢ jlinde r wavequide configuration. 
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Reflection coe fhicie nt versus fre quency for a single 
brass slug 0.35 in diameter. 





A theoretical curve is plotted in figure 7, showing 
the reflection coefficient that can be expected by 
cascading a number of cylinders. It was assumed 
that all cylinders have the same individual reflection 
coefficient and that the spacing between adjacent 
cylinders is optimum. The family of curves at the 
top of the figure is the same as those at the bottom; 
however, the input reflection coefficient scale has 
been changed to better show the high reflection 
characteristics. 

The reflection coefficient of a single section as a 
function of cylinder diameter is shown in figure 8 
this data having been obtained experimentally. 
Cylinder length was constant at 0.3 in. 

The final test series was conducted to determine 
the change of the plane of reflection, as the lateral 
position of the cylinder combination is changed with- 
in the precision section. The result of this test is 
shown in figure 9, where the position of the cylinders 
within the waveguide was changed along the narrow 
dimension. The phase error introduced by this 
effect has been reduced to a negligible amount by 
using Teflon spacers between adjacent cylinders. 

_ The final version of the short circuit is then shown in 
CIENT PER SECTION figure 10. 





2 Other areas of concern associated with the con- 
i nl ahead jorvecl ee eee multiple section | struction of an acceptable standard phase shifter 
ie ‘ include the dimensional tolerances of the precision 
section, ability to measure the relative position of 
the short circuit within the waveguide, and phase 
errors introduced by the reflectometer setup. The 
magnitudes of all these errors will be discussed in the 
error analysis section, but methods that were used to 
reduce these errors are discussed here. 

Several types of precision waveguide constructions 
have been used in this system, including commercially 
available sections and some of special design. The 
best section used to the present time is shown in 
figure 11. It is of a four-piece construction with a 
cam assembly to permit adjusting of one side wall 
with respect to the other. This construction is 
easily seen in the view of a similar section in figure 
12. The object of the adjustable wall is to allow for 
reduction of the waveguide width variation to a 
minimum throughout its entire length. 

Different techniques of measuring the relative 
position of the short circuit have also been tried. 
The most suitable consists of a microscope-standard 
scale combination. 

Figure 13 is a photograph of the completely 
assembled standard phase shifter resulting from this 
study. 


3. Error Analysis 


There are many sources of phase error introduced 
into the measurement from various parts of the over- 
all system. These are divided into the following 
general categories. 


3.1. Errors From the Standard Phase Shifter 


FIGt RE &. Reflection Coe ficient versus sluq diameter for a Che limits of error associated with the tuning, 
single brass slug 0.30 in. long. short circuit positioning, and precision waveguide 
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width tolerances have been calculated and presented 
in graphical form [6]. The influence a reduction 
of the reflection coefficient to a constant value below 
unity has upon these errors can be determined from 
the mathematical results, as given by (10) and (11) 
in reference [6]. 

The error introduced in the modulated subcarrier 
system by a standard phase shifter, yielding atten- 
uation changes as well as phase changes, can be 
determined from table 1 of this report. This error 
can be eliminated through use of the measurement 
procedure outlined in [1]. The error introduced by 
standard phase shifter attenuation changes in a 


(INCHES) 


PHASE CHANGE 


\ system using a balanced modulator, where the 
«(CSS OT carrier is not fully suppressed, can also be deter- 
POSITION OF SHORT ABOVE ONE BROAD WALL (INCHES) _ mined from table 1. The error, in each case, is 


related to the magnitude ratio change of the signal 
Figure 9. Change of relative phase versus position of dumbbell emerging from the arm containing the standard 
short in the precision guide. phase shifter to the residual carrier, as discussed 
in the modulation section of this report. These 
errors may also be eliminated through use of the 
measurement procedure outlined in [1]. 


Figure 10. Complete short circuit. 


FiGuRE 11. Adiustable waveguide section. FicgurRE 12. Construction detail of adjustable waveguide section. 


FIGURE 13. Standard phase shifte F. 
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Because the standard phase shifter relates the 
phase shift produced to a measured length in wave- 
guide wavelengths, the frequency stability of the 
source must be considered. If the change of phase 
of an ideal phase shifter [6] is 

720/ 
degrees, 


(4) 
AG 


¥ 


then the phase error introduced by frequency in- 
stability is 


oY 
oF 
- 


Al ois 


F’ degree phase shift 


AG 
N 


degree error 


CX) 


where F is the nominal frequency of the source and 
\ and dg are the free space and waveguide wave- 
lengths. A graphical presentation for this error 
for WR-90 waveguide is shown in figure 14. 

Changes in the laboratory environment affect 
the dielectric constant of the air in the standard 
phase shifter and will, therefore, introduce a measure- 
ment error. The use of (4) and the relation 


. 


] 
AG 


\ vf 2u¢e— 


cives the following error: 
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2 degree phase shift 


deeree error 
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DEGREE PHASE SHIFT 


DEGREES 


PHASE ERROR ( 


An approximate dielectric constant for air in the 
laboratory environment can be calculated through 
the use of an equation for the radio refractive index 
of air [7]. 


48106 
T 


(8) 


where 


(e—1)10° 
») ” 


N 


e=the dielectric constant, 


P 


partial pressure of air in millibars, 
partial pressure of water vapor in millibars, and 


T=absolute temperature, ° K. 

Bean [7] has shown that changes in NV, and thus e, 
due to small changes in temperature, pressure, and 
vapor pressure may be evaluated from the partial 
derivatives of (8). 
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Figure 15 is a graph of the limits of phase error for 
a variation in dielectric constant. 
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Figure 14. 
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Phase error versus freque ney instability for the standard phase shifter. 
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Figure 15 Phase error versus dielectric constant variation. 


3.2. Other Errors 
a. Mismatch Errors 


The phase error introduced by mismatch of the 
unknown, when inserted into the system, has been 
analyzed and presented in reference [8]. 


b. Microwave Frequency Instability Effects 


The microwave signal out of a source is propagated 
to the detector through two electrical paths. The 
physical length of these two paths will never be 
exactly equal in the systems discussed in this report, 
because the sliding short circuit will always be 
repositioned, thus changing the length of the 
reference arm. 

The change of phase of the signal at the detector 
relative to the generator is 


3601, 
degrees through path one, 
g 


3601, 4 361 4 


degrees 


Ag 


degrees through path two, (10) 
l, being the length of path one and Ag being the 
average wavelength through path one, where /, is 
the total path length through channel 2 and /’ is 
the difference in length of arms one and two. The 
phase difference at the detector is then 
3601’ 

, (11) 

AG 


Only the phase difference, p, 
here, because if 


needs to be considered 
0, then the paths are of the 
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same length and the relative phase remains constant 
with changes in frequency. 

The change of phase 9, with changes in frequency, 
can be found by determining the partial derivative 
of (11). 

OF, 


Ago 
¢ o/ 


12) 


AG , 
Al 360 ( a ) Vg degrees. 


12) 1s 


A graph of the phase change described by 
presented in figure 16. 


c. Dissimilar Changes in the Microwave Bridge Arms 


Inhomogeneous temperature variations within the 
laboratory, particularly those affecting the micro- 
wave bridge arms, can introduce phase differences 
of appreciable magnitude. An expression for the 
error introduced by this effect can be derived through 
the use of (10): 


3601, 
NG 


3601, 
AG 


Assume that the total effective bridge charac- 
teristic change occurs in arm two of the microwave 
bridge circuit. Then, the following relationship 
can be used: 


3601. sey I-(; 
AG ny 
¢g. being the total phase change throughout 
length of the arm. 

Inspection of (13) reveals that temperature effects 
upon the bridge arm can change the total phase 
shift through the arm and, thus, the measured 
relative phase shift either by changing the length 
l, or the width of the guide. It would be an ex- 
tremely difficult task to determine theoretically the 
the amount of error introduced by each variable. 
The sensitivity of the system analyzed in this report 
to changes of this type is readily seen in figure 17. 


the 


4. Automation 


The system described in this report, using either 
of the two types of modulation discussed above, is 
readily adaptable for automated measurements. 
The objective of automation, in view of the nature 
of this system and the type of data that will be 
collected from it, is to provide for continuous moni- 
toring of the modulation frequency component out 
of the detector and adjusting of the microwave 
phase from the reference channel to reduce the 
modulation frequency fundamental to zero, thus 
maintaining bridge balance at all times. A suitable 
indicator device will then display phase changes in 
the signal emerging from the reference phase shifter. 
Hence, if phase changes occur in the signal traversing 
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FIGURE 16. Phase error versus frequency instability for bridge arms of unequal length. 
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FicgtreE 17. Phase stability of the entire system in a normal laboratory environment. 





Block diagram of automation system. 





FiGuRE 19. Derivation of servo error signal. Figure 20. Position potentiometer mechanical linkage. 
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FIGURE 21a. 
the channel containing the device under calibration, 
this change will be detected and automatically 
balanced out by a change of relative phase in the 
reference signal. The change of phase shift through 
the unknown will then exactly equal the change of 
phase shift through the reference phase shifter, 
as displayed by the indicator, to within the limits 
set by the measurement error. 

An automatic phase tracking system capable of 
fulfilling this requirement has been constructed and 
is shown in figure 18. The error signal used to 
actuate the servo system is derived in a manner 
which is explained vectorially in figure 19 for the 
balanced modulation system. 

Here, € is the vector representing the unmodulated 
component, and 6 is the vector representing the 
modulated (suppressed carrier) component, during 
the positive half-cycle of the modulation. The 
vector 7 is the resultant of € and 6. The dotted 
vectors depict the situation during the negative 
half-evele of the modulation. Note that in (a), 
where 6=90°, the resultant contains a second har- 
monic, but no fundamental of the modulation fre- 
quency. In (b) and (ce), the fundamental is present, 
increasing in (b) with positively increasing 6, and | 
decreasing in (c) with positively increasing 6. Hence, 


63 


Relative phase shift versus coil current for low attenuation side of Gyraline Model R920. 


as the phase angle between the modulated and un- 
modulated components decreases from greater than 
90°, through 90°, to less than 90°, the fundamental 
component of 7, decreases in magnitude to zero, 
reverses sign (or phase), and increases in magnitude 
with the new sign (or phase). 

With the modulated subcarrier system a similar 
result is derived as the phase between carrier and 
subcarrier passes through the value such that the 
phase angle between the subcarrier and the resultant 
is 90°. In either case, the component of the resultant 
having the frequency of the fundamental modulation 
is selected by the synchronous detector and used to 
actuate the servo system to drive the reference phase 
shifter to effect a fundamental modulation frequency 
null in the resultant. The direction of the servo is 
opposite for opposite phases of the error signal, so 
that the reference phase shifter is always repositioned 
to restore the fundamental modulation frequency 
null illustrated by the vector relationship of figure 
19a. The relative positions of both the reference 
phase shifter and an unknown device can be indicated 
automatically, in some manner. In the system used 
for this evaluation, linear position potentiometers 
are employed, their outputs being fed to an X-Y 
plotter, which provides a direct presentation of the 
calibration data. Figure 20 shows the coupling 
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FIGURE 2lb. Relative phase shift versus coil curre nt for high attenuation side of Gyraline Modulator Model R920. 
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FIGURE 22. Relative phase shift of a Rotary Vane Attenuator. 
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between the standard phase shifter and position 
potentiometer. 


5. System Measurement Capability 


Phase data were collected on several commercial 
microwave components. Figure 21 is a plot of the 
relative phase characteristics of a gyraline modulator. 
Because the attenuation characteristics vary with 
coil current, the servo-loop gain was set at maximum 
at the beginning of the run. This was done to 
insure maximum sensitivity of the servo system. 

Because of the maximum gain, the servo system 
was overdriven and broke into oscillation about the 
null, as is evidenced by the oscillations in figure 21. 
It can be seen that these oscillations resulted in a 
peak-to-peak microwave phase variation of approxi- 
mately 0.075 deg. The actual phase shift of the 
device is, then, the average of this oscillation. The 
maximum error for this data is 0.117 deg. 

Figure 22 is the phase characteristic for a com- 
mercial rotary-vane attenuator. Again the servo 
system was overdriven to insure maximum system 
sensitivity. The maximum error for this data was 
found to be 0.110 deg. 
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Polarographic Analysis of Titanium (IV)—EDTA 
Complex: Application to Paint Pigments 


Harvey W. Berger and Barry C. Cadoff 


(August 


The Ti*#-EDTA complex, 
suitable for the 
current and concentration of Ti+ for the 


The pigments analyzed have been either 


3, 1964) 


buffered at pH 4.7, has been found to give polarographic waves 
analysis of TiO, in paint pigments. 
range 
in the 


A linear relationship between diffusion 
10-5 to 8.4 10-3 M has been observed. 
dry form or extracted from whole paint. 


2.8 > 


The method gives results in good agreement with the more complicated and time-consuming 


standard wet chemical method. 


Standard methods for the analysis of TiO, in paint 
pigments involve rather tedious and time-consuming 


procedures and are also subject to several interfering 


ions, such as iron, chromium, and arsenic [3,6].!— In 
searching for a faster, simpler method, and one which 
would be comparatively free of interferences, polar- 
ography was investigated. A study of the literature 
revealed that a variety of supporting electrolytes 
have been used, such as tartrate, citrate, oxalate, 
ethylenediaminetetraacetic acid (EDTA). These 
methods have been reviewed by Codell [2]. More 
recently, Banerjee, Budke, and Miller reported the 
use of a sulfuric acid-potassium persulfate medium 
for the determination of titanium in ores [1]. 

Sinyakova [5] and Peesok and Maverick [4] studied 
the chemistry of the Ti-EDTA complex and found 
that reversible waves could be obtained over a fairly 
wide pH range. The latter authors suggested that 
this could be adapted to analytical uses. 


This paper reports the development of : i polaro- 


graphic method, employing EDTA as the e mate xing | 


agent, 
TiO, 
paint. 


that results in a rapid, accurate analysis of 
in dry pigments or pigments extracted from 


1. Experimental Detail 


1.1. Apparatus and Reagents 


A Sargent Model XV Polarograph with a drop- | 


ping mercury electrode and an H-cell were used. 
The cell was placed in a constant temperature bath 
maintained at 25.0+0.1 °C. Measurements of pH 
were made with a glass electrode pH meter. 

Reagent grade titanium dioxide was used to deter- 
mine the diffusion current constant (J,). This 
standardization and calibration was checked with 
National Bureau of Standards Titanium Dioxide 
(Standard Sample No. 154). 


1 Figures in brackets indicate the literature references at the end of this paper, 
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1.2. Procedure 


For pure samples of titanium dioxide a maximum 
of 0.2 g was weighed to 0.1 mg into a 100 ml beaker 
and 5.0 ml of concentrated H,SO, and 1.0 of 
(NH,).SO, were added. The beaker was left un- 
covered, heated slowly at first and then rapidly, to 
fuming. After fuming for 5 min, the solution was 
cooled to room temperature and 15 ml of water was 
added very slowly with vigorous stirring. Two 
grams of the disodium salt of EDTA, dissolved in 
15 ml of 7414 NH,OH, was then added to the sulfuric 
acid solution. The pH at this point was approxi- 
mately 1.5 and 40 ml of 4M sodium acetate-acetic 
acid buffer was added to bring the pH to 4.7. The 
solution was diluted with water to a final volume of 
250 ml. An aliquot was placed in the H-cell and 
purged with nitrogen for 10 min. A polarogram was 
then run. The graphical method described by Wil- 
lard, Merritt, and Dean [7] was used to determine 
the wave heights. 

The sulfuric-acid-insoluble components, such 
white lead and silica, in titanium-containing pig- 
ments caused the formation of large aggregates 
which could not be adequately dispersed without 
prolonged heating. Therefore, it was necessary 
to modify the method for the preparation of solu- 
tions. After fuming for 5 min, the mixture was 
stirred thoroughly with a glass rod to break up any 
lumps of pigment. The mixture was then re- 
heated to fuming for 1 min. The procedure for 
pure TiO. was then followed. It was found to be 
unnecessary to filter the mixture before running a 
polarogram. 


or 


as 


2. Results and Discussion 


2.1. Standardization 


The data obtained for the analyses of reagent 
grade TiO, are shown in table The J, is inde- 
| pendent of the concentration of titanium over the 


range 3X10 to 10°° M. Although for the 





purposes of pigment analysis it would be unnecessary 
to deal with concentrations at the lower end of the 
range, the method was investigated to these further 
limits to assess its potential for use as a general 
method of analysis which would be valid over a 
rather large concentration range. 

The electrode reaction at pH 4.7 is [4]: 


TiOY~?+2H*t+e—-=TiY~- + H,0 


where Y represents the EDTA ligand. This equa- 
tion is, in fact, valid for values of pH from about 
2.5 to 8. Below pH 2.5 the electrode reaction is 
TiY+e-=TiY~. From calculations using the re- 
ported values for the equilibrium constants the con- 
centrations of TiOY~? and TiY~ are equal at a pH 
of 2.4. 

TABLE 1. Polarographic analysis of titanium-EDTA complex 
using reagent grade TiO, 


T (IV) con- 


centration 
mmoles/liter 


Diffusion 
current 
constant 


Diffusion 
current 
ja(wA) 


02804 
06003 


0. O786 
1692 
4.312 
8. 323 
8. 320 
16. 620 
16. 616 
16. 750 
19. 218 
19. 213 
23. 159 
23. 15 
23. 386 
23. 37¢€ 
23. 924 


A verage 
Standard deviation 


1Tq =ia/Cm?*t 
C=concentration in mmoles/liter 
m=drop mass in mg/sec 
t=drop time in seconds. 


The electrode reaction taking place below pH 2.5 
was not used as the basis of an analytical procedure 
because the solubility of EDTA in such acidic 
solutions is below that which will permit the 
preparation of clear solutions containing 2 g of the 
disodium salt. In addition, at pH 2.5, three forms of 
EDTA are present: H,Y, H.Y~* and _ primarily 
H;Y~. Between pH 3.5 and 5.5, essentially the only 
form present is H,Y~*. It is preferable that only 
one form of the ligand be involved in the complexa- 
tion reaction. At pH 4.7, well defined, reversible 
polarographic waves are obtained which have low 
residual currents and flat plateau regions. 


2.2. Effects of Supporting Electrolyte 


The effect of sulfate ion concentration on the 
diffusion current (i,) is shown in figure 1. With an 
excess of sulfate, added during the solution step, a 
wave appears at —0.7 V. versus the Saturated 
Calomel Electrode (S.C.E.), (curve C). This wave, 
attributed to a Ti-sulfate complex (curve A) [4], is 
formed at the expense of the Ti-EDTA complex and 
begins to appear at approximately 0.7 M SO,-?. 
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VOLTS, VS S.C.E 


CURRENT, pA 


FicgurE 1. Representative polarographic curves. 


a. H»SO,solution of Ti(IV)-no EDTA 0.4 M SO;? pH =4.5. 


b, Same as above but with EDTA pH=4.7. 
c. Same as b., but with LM SOr?. 


19.0 


* 


pA 


DIFFUSION CURRENT, 


S00” 92 04 06 08 10 12 14 16 18 20 


SULFATE ION CONCENTRATION, MOLARITY 


Figure 2. Effect of sulfate ion concentration on the Ti(IV)- 
EDTA diffusion current. 


The addition of a large excess of EDTA does not 
achieve the complete removal of this wave. The 
Ti-EDTA reduction wave is shown in curve B. The 
effect of increasing sulfate concentration on the 
diffusion current of the Ti-EDTA complex is shown 
in figure 2. There is a linear decrease of i, and 
thus a decrease in the assay of titanium, with in- 
crease in the sulfate ion concentration and it 1s, 
therefore, necessary that the sulfate concentration 
be kept low and constant. In the routine prepara- 
tion of solutions the concentration of sulfate can be 
sufficiently controlled to account for less than 
0.1 percent change in the diffusion current. On the 
other hand, the Ti-EDTA diffusion current is 





independent of the total concentration of EDTA 
over a range of 8 to 40 mM. 

The order of addition of reagents has a pronounced 
effect upon the diffusion current. Addition of the 
buffer to the sulfuric acid solution prior to the addi- 
tion of EDTA results in the formation of a different 
titanium complex which cannot be completely elimi- 
nated by the subsequent addition of EDTA. 


2.3. Effect of Aging 


Figure 3 illustrates the decrease of the diffusion 
current with time. About one week after the prepa- 
ration of solutions a yellow color became noticeable 
and increased in intensity with time. Erratic results 
were obtained if solutions were left standing more 
than three days. 


2.4. Effect of Temperature 


The temperature dependency of the diffusion cur- | 


rent was studied over the range of 20 to 30 °C. It 
was found that an increase of 1.4 percent in the 
diffusion current occurred for each degree rise in 
temperature. 


2.5. Effect of Maximum Suppressor 


No polarographic maxima were encountered in the 
analyses of the titanitum-EDTA solutions and no 
maximum suppressors were used. When some other 
reducible cations are in solution, however, small 
maxima do occasionally occur. The effect of gelatin 
on the titanium-EDTA diffusion current was studied 
in the event that the simultaneous analysis of ti- 
tanium and other cations might necessitate the 
presence of a maximum suppressor. The effect of 
gelatin on the diffusion current is shown in figure 4. 
Between 0.008 percent and 0.05 percent i, decreases 
rapidly with increasing percentages of gelatin. 
Therefore, analyses should not be performed in this 
range. Lower percentages of gelatin are preferable 
if they succeed in eliminating maxima since maxi- 
mum suppressors tend to change the values of the 
parameters in the [lkovic equation, which is used to 
calculate J¢. 


2.6. Interferences 


A study was made of possible chemical interfer- 
ences in the analysis. Weighed amounts of com- 
pounds were added in 1:1 molar ratios to the TiO, 
before dissolving in sulfuric acid. AI(II]), Mg(I1), 
Ca(Il), Crd), Pb(11), Zn (11), and Fe(III) did not 
interfere in the analysis. Sb(III]), however, did 
cause interference. In all of these determinations, 
it was necessary to have sufficient EDTA present to 
fully complex the foreign cations. For example, 
lead and zine will compete for EDTA and, if those 
cations are added to a solution in which there is not 
sufficient EDTA available, the Ti-EDTA complex 
will dissociate so that the preferential lead and zine 
complexes will form. In such cases, a titanium wave 
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Figure 3. Effect of time on the Ti(IV)-EDTA 
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Ficgure 4. Effect of gelatin on the 


current. 


Ti(IV)-EDTA diffusion 


attributable to the Ti-sulfate complex appears which 
cannot be completely removed on the further addi- 
tion of EDTA. 


2.7. Analysis of Pigments 


Table 2 presents data on the analysis of pure TiO, 
as well as several pigments extracted from paint and 
a synthetic pigment extracted from a mixture of 
white lead, zine oxide, titanium dioxide and bodied 
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linseed oil. The standard method referred to in the 
table utilizes the Jones reductor method for the 
titanium analysis [3]. The precision and accuracy 
of the polarographic method is seen to be comparable 
to the standard volumetric ~ethod. In addition, 
the polarographic methor 
subject to interferences 
weights. 


less 


‘derably faster, 
s smaller sample 


TABLE 2. TiO» Assay of NBS paint pigments 


xide content 
Difference in 
methods 
by polaro- 
graphic method 


Reagent grade 99. 4640.3 

NBS std > QR, SRO. 14 98. 570. 06 

Synthetic pigme 2» 61+0.19 
13. 41+0. 22 
13. 40+0. 10 
8. 5440. 09 
3. 78+0. 15 

Average omitting run 5 


Reagent Grade TiO: used as standa 
2? Analysis of same pigment used 

Beckman D. U. Spectrophotometer 
metric and polarographic results 

Sample numbers refer to Federal Spec ition of the ors 
pigment was extracted 

Average of at least four determinations 
is standard deviation 

Standard Sample No. 154 certifies 


large difference 


nt TiO: 


5 by spectrophotometric method 
between volu- 


ginal paint trom which 


imples; precision is expressed 


The authors express their appreciation to George 
Marinenko and John K. Taylor of the National Bu- 
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Corrosion data discussed in this paper are based upon measurements made on about 
4500 specimens of commonly used plain wrought ferrous materials which had been buried 
in back-filled trenches at 86 National Bureau of Standards sites for periods up to 17 years. 
The soils ranged in resistivity from 50 to 54,000 Q-cm and in pH from 2.6 to 10.2. 

Maximum pit depths at 5 years of exposure are taken from pit depth-time curves and 
the curves are also extrapolated to probable pit depths at 30 vears for each of the 86 sites. 
Furthermore, data on the specimens are adjusted to maximum pit depths that might be 
expected on a larger area, equivalent to that of the exterior surface of a 20 ft length of 8 
in. uncoated wrought ferrous pipe. Maximum penetration rates and pit depths are presented 
with respect to soil resistivity and pH. 

Weight losses which resulted from about 2 years of underground exposure are converted 
to corrosion current densities and after this period of exposure current densities are calculated 
from the slopes of weight loss-time curves for each site. On the basis of ratios of protective 
current to corrosion current obtained from polarization curves on steel specimens under- 
ground and in soils in the laboratory, the corrosion current densities can be adjusted to 
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approximate current densities necessary for cathodic protection. 


1. Introduction 


Between the years 1922 and 1952 the National 
Bureau of Standards exposed thousands of metallic 
specimens at numerous underground sites through- 
out the United States. Corrosion rates of over 


300 varieties of protected and unprotected metals 
and alloys were evaluated about every 
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2 years for 
exposure periods as long as 17 years. The accumu- 
lated corrosion data were compiled by Romanoff 
{1}... The engineering significance of early NBS 
data pertaining to some commonly used wrought 
ferrous materials from the original 47 test sites was 
discussed in considerable detail by Logan [2]. The 
present paper is similar but includes data from about 
40 additional sites and, based on the total available 
data, offers suggestions on the current densities 
probably required for cathodic protection. 

In this paper, in addition to extrapolating the 
average maximum pit depths to 30 years as Logan 
[2] did, the weight losses of the specimens are con- 
verted to corrosion current densities. From these 
data the approximate current densities required for 
the cathodic protection of bare underground surfaces 
can be estimated. Although, based on NBS data, 
there is no precise relationship between the cor- 
rosivity and resistivity of soils, a general relation- 
ship is now revealed by the total accumulated data. 
This is also indicated by the data of Scott [38]. 
Recently, Schaschl and Marsh [4] discussed the 
effect of resistivity on the corrosion rates of steel 
in aqueous environments and showed that for 
resistivities above 400 Q-cm, the corrosion rate bears 
an inverse relation to the resistivity of the electro- 
lyte. Thus, a study is undertaken of the influence 
of soil resistivity, a measurement readily made in the 
field. The combined relation of pH and soil resistiv- 


1 Figures in brackets indicate the literature references at the end of this paper. 
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ity to corrosion rate was also investigated. The 
metals to which our data apply are confined to 
open-hearth iron, hand-puddled and mechanically 
puddled wrought irons, open-hearth and§Bessemer 
steels, all without added alloying constituents. 


2. Corrosiveness of Soils 


The corrosiveness of a soil might be defined as its 
destructive or deteriorating effect on a metallic 
surface, as measured by weight loss and pit depth. 

A soil can be potentially corrosive and yet have 
a negligible effect on plain ferrous materials. This 
was recently shown by Romanoff [5] as a result of 
his examination of steel pilings (pulled) exposed 
from 7 to 40 years in a variety of soils some of which 
had resistivities as low as 300 Q-em. No appreciable 
amount of corrosion was observed on pile surfaces 
adjacent to soils into which the piles had been 
driven below the water table, referred to as ‘‘undis- 
turbed” soil. This type of exposure is in contrast 
to the soil exposure of metals in back-filled trenches, 
referred to as “disturbed” soil. On driven piling, 
the corrosion rate decreases rapidly as the initially 
available oxygen is depleted by the corrosion process 
and the accessibility of more is limited. In dis- 
turbed soils oxygen is more readily replenished and 
the soil is only very slowly restored to its natural 
state. This gives rise to differential aeration and 
then the corrosiveness of the soil depends largely on 
its physical and chemical properties. Properties 
of the soils to be considered have already been 
described [1]. 

The most severe corrosion usually takes place 
at low elevations in poorly drained disturbed soils, 
such as clays and tidal marshes, where, although 
also poorly aerated, the differential-aeration effects 
are large because of soil shrinkage. Then too, salts 
accumulate in these areas and increase the conduc- 





tivity of the soil. The pH of such soils is usually 
neutral or in the alkaline range. In contrast, the 
least corrosive soils are well aerated, well drained 
and seem to be in areas of high annual precipitation 
which causes the salts to be washed away and 
increases the soil resistivity. The pH is usually 
between 4 and 7. 


3. Effect of Area and Duration of Exposure 


The data used in this paper are mostly for accu- 
mulated exposure periods of 12 and 14 years. In 
some soils the accumulated periods are 7 and 17 years. 
The exposed area of each specimen was about 0.4 ft?. 

It is of importance to know the effect of larger 
areas and longer periods of exposure. These vari- 
ables have been considered by previous investigators 
[6,7]. Years ago, Scott [6] observed that pit depth 
is a function of the area of metal exposed. Based 
on National Bureau of Standards data and on data 
from pipelines, a linear relation was obtained when 
the logarithm of the average of the deepest pits 
(several specimens) on a given area was plotted 
against the logarithm of the area for increasing 
areas. Thus, for a modest extrapolation of the area 
Scott suggested the empirical equation, 

log P=a log A+log 6, or P=bA‘, (1) 
where P is the average maximum pit depth on the 
proposed area A, exponent a is the slope of the best 
linear plot, and 6 is the average maximum pit depth 
for a unit area. The useful form of this equation is, 

P./P;=(A,/A,)* or P2=P;(A,/A,)*, (2) 
where P, is the average maximum pit depth on a 
known area A;, and P, is the extrapolated or calcu- 
lated average maximum pit depth on some assumed 
area A, for the length of exposure time. Scott sug- 
gested as a standard area that of the exterior of a 
20 ft length of 8 in. diam pipe which is about 45.16 
ft®. The values for the exponent, a, applicable to 
specimens in 47 soils have been given by Logan, 
Ewing, and Denison [7]. Based on their data, the 
average value of a=0.15 has been suggested for 
use with all soils, as the exponent is apparently not 
associated with any known soil property [8]. 

The effect of length of exposure time on rates of 
corrosion underground is better known than is the 
effect of area exposed. For example, it is well known 
that in some soils, after a few years, corrosion seems 
to cease. The effect of duration of exposure on cor- 
rosion rates depends on chemical and physical prop- 
erties of the soils. Here again, it was observed that 
a linear relation appears to apply reasonably well 
between the logarithm of the average of maximum 
pit depths and the logarithm of the exposure period. 
This is expressed by the equation, 

log P=n log 74 log k. or P- kT", (3) 
where P is the average maximum pit depth at some 
time 7’, n is the slope of the line of best fit, and & is 
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the average maximum pit depth for a unit of time. 
Again, the useful form of the relation becomes, 

P./P,=(T2/T,)" or P2=P,(T2/7))", (4) 
where /, is the average maximum pit depth for the 
shorter period of exposure 7|, and P, is the average 
maximum pit depth at some longer time 7,. Logan, 
Ewing, and Denison [7] divided 47 NBS soil sites 
into 4 groups based on aeration and on drainage, 
ranging from well-aerated sands and sandy loams to 
tidal marshes. The exponent, n, was derived for 
each soil group and ranged from n=0.19 for soils 
having good aeration to n=0.68 for soils with very 
poor aeration, such as clays and tidal marshes. 
More recently, Scott [9] has proposed that the aver- 
age rate of corrosion underground is inversely pro- 
portional to the square root of the duration of 
exposure time, that is, in eq (3), n=0.5. 


4. Discussion of the Data 


4.1. Maximum Pit Depths 


The maximum pit depth data for 86 soil sites are 
given in table 1 and graphically presented with re- 
spect to soil resistivity and pH in figures 1 through 
5. Figure 1 shows maximum pit depths on the 
specimens at 5 years taken from pit depth- time curves 
(not shown). On the average, pits are somewhat 
deeper in the soils with resistivities below 500 Q-cm 
than in soils with higher resistivities but above 500 
Q-cm there appears to be no regular variation be- 
tween pit depth and soil resistivity. However, the 
relationship looks different when the rate of maxi- 
mum penetration after 5 years is plotted versus 
resistivity, as shown in figure 2. The data were cal- 
culated from the straight lines through points on the 
pit depth-time curves using rectangular coordinates. 
There now appears to be a definite trend to lesser 
pitting rates as resistivity increases. The effect of 
pH of the soil on maximum penetration rates 
shown in figure 3. Note that the majority of very 
corrosive soils (<(500 Q-em) are in the alkaline range 
( » pH 7 "OF 

The effect on maximum penetration of increasing 
the area exposed from that of a specimen (about 0.4 
ft?) to a larger area (equivalent to that of a 20 ft 
length of 8 in. diam pipe) exposed to identic ‘al soil 
conditions, by calculations previously described, is 
shown in figure 4. Data pertaining to the effect of 
increased area are tabulated in table 

The estimated effect of increasing exposure time 
from 5 to 30 years is also shown in table 1, as based 
on linear extrapolation of data plotted on both 
rectangular and logarithmic coordinates. As would 
be expected, the pit depths extrapolated from log 
pit depth-log time curves are for the majority of 
soils somewhat smaller than the values from rec- 
tangular coordinates. day grs investigators, [7] 
whose work resulted in eq (3), favored the logarith- 
mic relationship and their pedir iar seem to be 
reasonable. 
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exposure calculated for larger areas (equivalent to 20 ft of 8 in. 
diam bare pipe) from data on small pipe specimens (fig. 1). 


FIGURE 1. Average of maximum pit depths on from 6 to 14 
ferrous specimens buried in each of 86 underground soil sites. 
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Data adjusted for the larger area shown in the 
last column table 1, are plotted against soil resistivity 
figure 5. Perforation of a pipe wall, ranging in 
thickness from 0.172 in. to 0.322 in. for 8 in. diam 
steel pipe, is predicted in almost all soils having 
resistivities less than 1000 Q-cm. In some of these 
soils, many perforations would probably occur. For 
soils with resistivities over 2000 Q-cm, and assuming 
the absence of stray currents or contact with more 
noble metals, the extrapolated data indicate that 
perforation of 8 in. diam (0.322 in. wall-thickness) 
steel pipe in 30 years is rather unlikely. However, 
the data definitely show the need for protective 
measures, such as coatings, cathodic protection or 
both, on wrought materials exposed to soils with 
resistivities less than 2000 Q-cm and also even in 
some soils of higher resistivity, as indicated by 
predicted pit depths in a few of the soils shown 
above 25,000 Q-em, all depending on the hazard 
involved should a perforation occur. 

Recent work by Scott [8, 9] has a direct bearing 
on the relation between soil resistivity and maximum 
penetration. Based on random measurements of 
soil resistivity in the field he found that a plot on 
log-probability coordinates of soil resistivity measure- 
FIGURE 3. Varimum rates of penetration (fig. 2) on specimens ments for a given area versus estimated cumulative 

as related to pH for 3 ranges of soil resistivity. | probability assumes a linear relationship in many 


Figure 2. @Rates of penetration of the specimens (fig. 1), based 
on the maximum pit de pth versus time curves, from 5 years to 
from 12 to 17 years (for, the majority of the soils). 
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areas and is therefore indicative of a uniform environ- | 
ment. Later, Scott offered a theoretical basis for 
his empirical relationship [10]. Soil resistivity 
measurements made by him along pipeline rights-of- 
way together with leak records on the pipelines show 
that leaks occur in the places of low resistivity and 
almost invariably at resistivities below the value 
shown by 50 percent probability on the log resistiv- 
ity-probability curve. 


4.2. Relation Between Weight Losses and Currents 
Required for Cathodic Protection 


The weight losses on the specimens for which 
maximum penetration has been given were converted 
to corrosion current densities by applying Faraday’s 
law and the usual assumptions that the iron was 
oxidized to the divalent state and the corrosion 
efficiency was 100 percent. The data tabulated in 
table 2 are based on weight losses measured at 2-vear 
removal time and on removals after 5 years. The 
corrosion rates, expressed as current densities, plotted 
versus soil resistivity and pH are shown in figures 6, 
7,and 8. The current densities calculated from the 
weight losses of specimens based on the first removals 
(approximately 2 years for most specimens) are 
shown plotted versus soil resistivity in figure 6. 
What was previously said about the significance of 
500 Q-em as a dividing line for differences in maxi- 
mum penetration during early exposure also seems 
to apply to the current densities associated with 
corrosion. The effect of soil resistivity in substan- 


tially reducing corrosion current densities for exposure 


beyond 5 years is illustrated by figure 7. These 
data are the result of straight lines on rectangular 
coordinates drawn through the weight losses after 5 
vears on the weight loss-time curves (not shown). 
The same data as related to soil pH are shown in 
figure 8. 

These corrosion currents are primarily of interest 
in connection with current densities necessary for 
cathodic protection. The relationship between values 
of corrosion current and current required for cathodic 
protection depends on the type of control of the 
corrosion reaction. Theoretically, if the reaction is 
under strict cathodic control (no anodic polariza- 
tion), the protec tive current is equal in magnitude to 
the corrosion current. This ideal situation is not 
usually realized with ferrous metals used under- 
ground, the protective current requirement being 
somewhat greater. For further information on this 
relationship and some data, the reader is referred to 
papers by the author [11,12] and other investigators 
[13,14,15]. Data obtained on steel pipe specimens 
exposed underground showed that the ratio, J,/7o, of 
protective current, J,, to corrosion current, io, varied 
between 1 and 2, depending on the length of time the 
specimens were exposed and on the chemical and 
physical properties of the soil. For example, in the 
case of a specimen buried in a soil of 7500 Q-em 
resistivity, the ratio was about 1.3 during the first 
week of burial and around 2.0 at 6 months and 
thereafter for 16 months exposure when the specimen 
was removed [16]. For a similar specimen (area 


TABLE 2. Corrosion currents associated with weight losses o- 


Specimens * 
Corrosion rate 


After 5 
yr 


mA/ft? mA 
1 1 
2.8 ) 
3. 1 l 
1345 1.8 | 
45100 0. 2 0. 26 
2120 
SAO 
2820) 
7460 
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3190 
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3520 
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54000 
44400) 
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531 
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s20 


* Calculated from weig! time curves on data ’ 
day’s law, assuming — reent corrosion efficiency and tl 
For weight losses, see Romanoff [1], tables 13, 14, and 

Romano 
I 
oil, usually 1 to 2 years 
on the Weight loss-tin 


0.4 ft?) buried in a tidal marsh (300 Q-em, resistivity) 
fora period of 32 months, the corrosion reaction was 
under complete cathodic control during the first week 
of exposure; the J,/i) ratio was 1.3 at 8 months, and 
about 1.6 at 32 months when the specimen was 
removed (fig. 9). The ratios are believed to 

approximately correct because after the specimens 
were removed from the trenches they were cleaned, 
weighed and the actual weight losses were in reason- 
ably good agreement with the weight losses calculated 
from the polarization data. Thus, after 32 months 
(fig. 9) the current density required for cathodic 
protection (based on J,, area, 0.4 ft?) was about 
8.2 mA/ft?. Similar polarization data on_ steel 
specimens of the same size were obtained by Ardahl 
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FIGURE 7 Calculated corrosion current densities based on the 
rates of weight loss between 5 and 12, and between 5 and 1? 


years of exposure for the ma ority of soils. 


Tor 
. 


URREN 


IRROSION 





RE8. Same as figure 7, except as related to pH for 3 ranges 


of soil resistit ty. 


[17]. 


The writer analyzed these data and observed 
that after 2 years of underground exposure, in 2 soils 
with resistivities between 550 and 1000 Q-cm, the 
I,,/io ratio was between 1.1 and 1.8. 

In higher resistivity soils (greater than 10,000 Q-cm), 
the J,/% ratio is probably about 2 or more, depending 
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Figure 9. Polarization curves on a plain steel specimen buried 
underground for 32 months in a tidal marsh. 


0 anodic @ cathodic 

on soil properties and on duration of exposure. In 
a laboratory study, [18] a steel tube (area, 24 in.*) was 
exposed to a 20,000 Q-cm sandy loam soil for 60 
days. The current density necessary for cathodic 
protection was found to be about 3 times the value 
of current density associated with the weight losses 
of similar tubes which were permitted to corrode 
freely, that is, the J,/i ratio was about 3. 

On the basis of the foregoing J7,/ip ratios, the cor- 
rosion current densities given in table 2 and in figures 
6 and 7 might be increased accordingly and thus 
converted to values necessary for cathodic protection. 
This does not mean that current densities are sub- 
stituted for polarization requirements as criteria [11] 
for cathodic protection. The protective current 
densities are presented to aid in estimating total 
current requirements in the design of underground 
cathodic protection systems. It would seem reason- 
able to multiply the corrosion current densities by 
1.5 for soils having resistivities between 0 and 5000 
Q-em. <A factor of 2.0 might be used for soils with 
resistivities between 5000 and 10,000 Q-cm. Above 
10,000 Q-cm, the J,/i ratio could be taken as being 
3.0 and still result in relatively small protective 
current densities for most high resistivity soils. 

A comparison of the corrosion current densities in 
the two columns (table 2) and of Figures 6 and 7 
shows that it would be economically advisable, at 
least for uncoated underground structures, to allow 
about 2 years before designing the electrical require- 
ments for cathodic protection. The current densities 
necessary for cathodic protection are considerably 
reduced after a few years of exposure, especially in 
the soils of high resistivity. 


5. Conclusions 


The maximum pit depths on commonly used 
wrought ferrous materials buried for periods up to 
5 years in back-filled trenches are on the average 
deeper in soils with resistivities below 500 Q-cm than 
in soils having higher resistivities while in the soils 
above 500 ohm-cm, there appears to be no regular 
pattern between maximum pit depth and soil re- 
sistivity. However, for periods of exposure in excess 





TABLE 3. Average values of maximum penetration rate and 
corrosion rate (current) on specimens for 3 ranges of soil 
resistivity after 5 years of exposure 


Maximum penetration Corrosion 
Number rate ® current > 
Soil resistivity of soil 


Avg Max Avg 


Q-cm mils mA ‘ft? 
50 to 500 ll 35.0 1.4 4 
500 to 3000 , 4.2 12.6 12 1.6 
3000 to 54,000 , EK? 6.7 19 0. 99 


® Calculated from the specimen pitting rates after 5 years (table 1). 
b Calculated from the corrosion rates (currents) after 5 years (table 2). 


of 5 years, the rate of maximum penetration lessens 
as the soil resistivity increases beyond 500 Q-cm. 
This is shown in table 3 where data from 86 soil sites 
are averaged for 3 ranges of soil resistivity. Based 
on an empirical equation, increasing the area ex- 
posed to that equivalent to a 20 ft length of 8 in. 
diam pipe (45.16 ft?) approximately doubles the max- 
imum penetration rates shown in the table which 
apply to the actual specimens (0.4 ft?). 

In soils with resistivities up to 500 Q-cm, perfora- 
tion of thick-wall (0.322 in.) bare wrought ferrous 
pipe is predicted in the majority of soils after 15 
years of exposure. After 30 years of exposure, the 
same would be true probably in the majority of 
soils having resistivities to 1000 Q-cm; in some of 
these soils many perforations would be likely to 
occur. 

After the corrosion rates of the ferrous specimens 
became fairly well stabilized as shown by weight 
loss-time curves, the weight losses were converted 
to current densities. Corrosion current densities, 
averaged for three ranges of soil resistivity, are given 
in table 3. The current densities required for cath- 
odic protection are greater than the current densities 
associated with the corrosion. By anticipating the 
type of corrosion control peculiar to the corrosive 
environment, corrosion current densities can be ad- 
justed to current densities necessary for cathodic 
protection. A factor of 1.5 is suggested for soils with 
resistivities up to 5000 Q-cm, a factor of 2.0 for soils 
from 5000 to 10,000 Q-em, and a factor of 3.0 for 
soils with resistivities above 10,000 Q-cm. It is 
considered to be economically advisable to wait for 
about 2 years of exposure before measuring the cur- 
rent densities required for the cathodic protection of 
bare underground structures. 
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The 1962 He® scale of temperatures. 
comparisons, 8. G. 
NBS 68A (Phys. 
70 cents. 


I. New vapor pressure 
Syvdoriak and R. H. Sherman, J. Res. 
and Chem.), No. 6, 547 (Nov.—Dec. 1964), 


’ 


A comparison of Heé 


and Het vapor pressures (P;, P,), has 
been made in an 


apparatus designed to reduce the number 
and magnitude of corrections associated with the refluxing 
film in the He* pressure sensing tube and the attached bulb. 
The critical pressure of He* has been redetermined to be at 
$73.0+1.5 mm Hg at 0 °C and standard gravity; the cor- 
responding temperature as measured by a Het thermometer 
is 3.3240+ 0.0018 °K on the 1958 Het scale. These (P3, Ps) 
comparisons and the 1958 Het seale are the basis of the 1962 
He* seale of temperatures derived and evaluated in the papers 
following this one. 


Empirical interpolation equations containing only P; 
are described by 


and P, 
means of which existing P; measurements 
may be converted to an equivalent P;. A comparison has 
been made between this interpolation and a conversion in 
which the 1958 Het and 1962 He* seales are used as parameters. 
Deviations between the two procedures are within the 
estimated errors of the (P?3, P;) measurements. 

In subsidiary experiments on techniques for Het thermometry 
a typical vapor pressure bulb arrangement was tested. It is 
heat flux, Q;, and 
AT,, between the 
amount to many milli- 


‘efluxing film introduces a 
Kapitza temperature drop, 
its container, which may 


shown that the 
a resulting 
He m and 
degrees. 
The feasibility of calculating AT, for a 
pressure bulb was studied. The 
AT;,/Q, at least once in situ is pointed out. 
necessary to redetermine the film-flow rate 
the same time that Het vapor pressure 
being made. 


necessity of measuring 
In addition, it is 
periodically at 
measurements are 


The 1962 He’ scale of temperatures. II. Derivation. 8S. G. 
Sydoriak, T. R. Roberts, and R. H. Sherman, J. Res. NBS 
68A (Phys. and Chem.), No. 6, 559 (Nov.— Dec. 1964), 70 cents. 
An Experimental Thermodynamic Equation (ETE) tempera- 
ture scale valid from 0.2 to 2,0 °K has been calculated for 
He*®. The seale is based on new comparisons (P3, Py), of 
He? and Het vapor pressures above 0.9 °K; on the 1958 He+ 
temperature scale; and on the best available data for several 
thermodynamic properties of He’ from 0.2 to 2.0 °K. 

The Ty. Full-range Working Equation (FWE) scale, 


Pp 2.49174/T 
0.198608 T? 
2.24846 In T 


4.80386 — 0.286001 T 
0.0502237 T3 + 0.00505486 74 


fits the ETE seale and the (P:, T5s— data and is therefore 
valid for use from 0.2 to the critical point 3.324 °K. The 
maximum deviation from the ETE seale is 0. 4 mdeg and the 
standard deviation from the input data is 0.25 mdeg. The 
fit to the seven reealeulated isotherms of Ke lice in the range 
of the 1962 He*® scale can be determined by converting 
Keller's P;’s to equivalent P,’s, using direct Py to P; inter- 
polation equations. The fit of the 1962 He* seale is as good 
as the fit of the 1958 Het seale to the same isotherms, the 
average displacements of the two scales both being 1.5 mdeg 
below the isotherms. The average standard deviations for 
(Ts.— Tis.) and for (Tss— Tiso) are 1.2 and 1.0 mdeg, respec- 
tively, for these seven isotherms. 

The 1962 He®* scale of temperatures. III. Evaluation and 
status, T. R. Roberts, R. H. Sherman, and 8. G. Sydoriak, 
J. Res. NBS 68A (Phys. and Chem.), No. 6, 567 (Nov.—Dec. 


1964), 70 cents. 


particular Het vapor 


In this third paper the 1962 He* Scale of Temperatures is 
evaluated both as to its precision and its deviations from the 
thermodynamic Kelvin Seale. Various thermodynamic quan- 
tities of He* consistent with the 1962 He® Scale are derived 
and listed. The correction to an observed vapor pressure 
for small amounts of Het is discussed and tabulated. <A 
description is given of the method of multiple variable least 
squares analysis used for deriving the final scale equation 
and for reanalysis of isotherm data. Finally the present 
status of the 1962 He* Scale is discussed along with some 
considerations for the future. 


The 1962 He* scale of temperatures. IV. 
Sherman, 8. G. Sydoriak, and T. R. Roberts, J. Res. NBS 
68A (Phys. and Chem. ), No. 6, 579 (Nov.—Dec. 1964), 70 cents. 
The detailed tables of the 1962 He* Seale of Temperatures 
are presented. The vapor pressure of He* is tabulated in 
steps of 1 millidegree from 0.2 to 3.324 °K, the critical 
temperature. A table giving temperature, to 0.1 millidegree, 
as a function of pressure is included, as well as the temperature 
derivative of the vapor pressure. 


Tables, R. H. 


Optical properties of thin films on transparent surfaces by 
ellipsometry; internal reflection for film covered surfaces 
near the critical angle, E. Passaglia and R. R. Stromberg 
J. Res. NBS 68A (Phys. and Chem.), No. 6, 601 (Nor 


1964), 70 cents. 


— Dec. 


The application of ellipsometry to the determination of the 
optic: il properties of thin films on tr: nsparent 
by the use of internal reflection 
the critical angle for total reflection is described and _ illus- 
trated. Four cases are considered: 1. the angle of incidence, 
6;, is less than either the critical angle for total reflection 
between the substrate and the film, 6!*, and the critical angle 
between the substrate and the surrounding me dium, 6!8; 2. @!4 

0; >6'?: 3.0 6;< 6!?: and 4. 6!3°< 6 g “or case 1, at cer- 
tain critical values of film thickness d and refractive index No, the 
reflected light may be polarized with its electric vector either 
entirely in or normal to the plane of incidence. Near these 
conditions the sensitivity of ellipsometric measurements is 
extremely high, but the intensity of the reflected light is very 
low. Except under these conditions the intensity is adequate 
for experimental measurements, as it is also in case 2. For 
case 1 it is always possible to determine nz and d by a single 
measurement; for case 2 this is possible only for thin films. 
For cases 3 and 4, and case 2 for thick films, only one of 
these may be determined. Under these conditions, however, 
the reflectivity is 100 percent. 


substrates 
and angles of incidence near 


Near infrared Aap, ome gal method for ~ determina- 
tion of hydration numbers, R. A. Durst and J. Taylor, J. 
Res. NBS 68A (Phys. and Chem.), No. 6, 623 | ea er, 1964), 
70 cents. 


The 970 my absorption band of water is employed in a new 
method for the determination of hydration numbers. The 
decrease in the concentration of “free’’ water is calculated 
from the change in absorbance resulting on the addition of 
an electrolyte. Data are given for chromic chloride and 
nitrate salts in H,O-CH;OH solutions, and an extrapolation 
is made to give the hydration number in pure water. The 
results obtained by this technique agree with the values 
reported using other methods. 


Some elastic compliances of single crystal rutile from 25 to 
1000 °C, S. Spinner and J. B. Wachtman, Jr., J. Res. NBS 68A 
(Phys. and Chem.), No. 6, 669 (Nov.-Dec. 1964), 70 cents. 

Young’s modulus, as a function of temperature up to 1000 °C, 
was determined for eight rutile specimens of different crystal- 
lographic orientations. From these, the following four —— 
compliances or combinations of them were determined as a 
function of temperature, 81), 833, 28)3+ 84, and s;;—8.—85/2 





The method used was the same as had been used in a previous 
study for rutile at room temperature. 


Steady-state response of silicon radiation detectors of the 
diffused P-N junction type to x rays. I: Photovoltaic mode 
of operation, K. Scharf and J. H. Sparrow, J. Res. NBS 68A 
(Phys. and Chem.), No. 6, 683 (Nov.- Dec. 1964), 70 cents. 

A relation is derived for the photocurrent produced by x rays 
in silicon radiation detector cells of the p-n junction type, 
giving the dependence of the generated photocurrent on 
exposure rate, photon energy, and electrical and geometrical 
parameters of the silicon wafer. Silcon radiation detector 
cells operated as photovoltaic cells are found to be more 
sensitive to x rays than silicon solar cells previously investi- 
gated, especially open-circuit voltages being several hundred 
times larger than those measured in solar cells. The short 
circuit current produced by x rays increases with increasing 
temperature by about 0.3 percent per °C at 25 °C cell tem- 
perature. Due to the high zero voltage junction resistance of 
silicon radiation detector cells, the temperature dependence 
of the photovoltaic output current increases with increasing 
load resistance at a smaller rate than that observed in silicon 
solar cells. The energy dependence of the short-circuit 
current produced by x rays, measured over a wide range of 
radiation qualities, is shown to be in good qualitative agree- 
ment with calculated values. 


Intercomparison of high-energy x-ray intensity measurements 
J. 8. Pruitt and S. R. Domen, J. Res. NBS 68A (Phys. and 
Chem.), No. 6, 703 (Nov.—Dec. 1964), 70 cents. 

This paper describes experimental comparison of the sensi- 
tivity of the NBS P2-4 ionization chamber and a replica of 
Wilson’s Quantameter. The sensitivity ratios are used to 
compare calorimetric measurements of total x-ray beam 
energy made at the NBS and in the USSR between 20 and 
90 MeV. The agreement is within the combined errors, but 
the source of an apparent 2 percent systematie difference has 
not been found. 


Experiment on the constancy of the velocity of electro- 
magnetic radiation, P. Beckman and P. Mandics, Radio Sci. 
Res. NBS/USNC-URSI 68D, No. 12, 1265 (Dec. 1964), 
$1.00. 
An experiment by Kantor, reporting results in sharp contra- 
diction to Einstein’s Second Postulate, was repeated using the 
coherent light of a laser. The results were found to be con- 
sistent with the Special Theory of Relativity. It is concluded 
that the ballistic hypothesis of light propagation disregarding 
the effect of air is incorrect. It is pointed out that the direct 
experimental evidence in favor of Einstein’s Second Postulate 
is surprisingly meager and further experiments to confirm or 
reject the ballistic hypothesis are envisaged. 


Standard x-ray diffraction powder patterns, H. EK. Swanson, 
M. C. Morris, E. H. Evans, and L. Ulmer, NBS Mono. 25, 
Sec. 3 (July 31, 1964), 40 cents. 

Standard x-ray diffraction powder patterns are presented for 
the following fifty-one substances: 3A1l.03-2S8iO., (mullite) ; 
(NH,).BeFy; NH4gBFy; SboSe;*; Sb.Te;*; As.O;*, claudetite; 
BaBr2-H.O*; BaSnO;; BiPO, (monoclinic) ; BiPO,* (trigonal) ; 
BiV O,* (tetragonal) ; BiVO,* (monoclinic) ; Bi:Tes, (tellurobis- 
muthite); Bi,O3, (bismite) ; Cd(ClO,) »-6H,O*; CdSO,; CdTe; 
Ca; F(PO,) 3, (fluorapatite) ;CeNbTiO,*, (eschynite) ; Cs,CrO4*; 
CsF; CoSiFs-6H,0*; Co(ClO,).-6H,0*; CuSO,, (chaleocy- 
anite Dy AsO,*; ErAsO.*; EuAsO,*; GaAs*; HoAsQ,*; 
InAs; LaAsO,*; LaNbTiO,*; Liz;PO,4, (lithiophosphate) low 
form; Li;PO, high form; MgNH,PO,-6H,.O, (struvite) ; 
KC1O;; KLiSO4*; K,CrOg*; KoZn2V O2-16H20*; Rb2CrO,*; 
AgSbTe.*; NaMg;Al,B;SigQ027(OH)4*, dravite; Na3P;0,; Nas 
P;09-H.O; SnF.2*; SrO-B.0;*; TbAsO,*; T1CrO,*; TmAsO,*; 
TiQ,, brookite; and ZnTe. 


Twenty-one are to replace pat- 
terns already given in the X-ray Powder Data File issued by 
the American Society for Testing and Materials, and thirty 
patterns indicated by asterisks are for substances not pre- 


viously included. The patterns were made with a Geiger 
counter x-ray diffractometer, using samples of high purity. 
When possible, the d-values were assigned Miller indices 
determined by comparison with calculated interplanar spac- 
ings and from space group extinctions. The densities and 
lattice constants were calculated, and the refractive indices 
were measured whenever possible. 
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An engineering method for calculating protection afforded by 
structures against fallout radiation, C. Eisenhauer, NBS 
Mono. 76, (July 2, 1964), 20 cents. 

This report is a discussion of the technical assumptions under- 
lying the methods currently recommended by the Office of 
Civil Defense (OCD) for calculating protection afforded by 
structures against fallout radiation. It discusses methods 
for calculating the contributions from radioactive sources on 
the roof and on the ground surrounding a simple one-storied 
building. It shows in detail how each technical chart in the 
OCD Professional Manual! is derived from basic data on 
radiation penetration developed by Dr. L. V. Spencer. 
Charts from the Professional Manual and relevant curves 
from Spencer’s work are included in this report in order to 
make it self-contained. 


Project FIST. Fault Isolation by Semi-automatic Techniques, 
G. Shapiro, O. B. Laug, G. J. Rogers, and P. M. Fulcomer, 
Jr., NBS Mono. 83, (Sept. 17, 1964), 55 cents. 

The method of Fault Isolation by Semi-automatic Techniques 
developed at the National Bureau of Standards, to which the 
acronym FIST has been applied, creates a new field of metrol- 
ogy which permits the measurement of the dynamic perform- 
ance of electronic circuits by unskilled personnel under field 
operating conditions. It is a diagnostic tool for rapidly 
isolating faults in modularized, non-computer type electronic 
equipment without removing the modules from the prime 
equipment. 

The system consists of test points and associated circuitry 
which are built into the prime equipment, and a small, hand- 
carried, general-purpose test instrument. The test points are 
located on an easily accessible test panel and are arranged in 
an order which permits rapid checking of the modules in a 
logical sequence. 

Fault isolation is accomplished by 
formance of each module with a test instrument which 
basically a device for comparing the peak-to-peak ampli- 
tudes of two periodic voltage waveforms. Since many circuit 
properties other than voltage must be measured, transforma- 
tion networks are provided to convert the characteristic 
being measured to a periodic voltage which is within the range 
of the test instrument. 

The tests are usually made while the module under test is 
performing its normal function with the normal inputs to the 
module providing the stimuli for the tests. When this is not 
possible, a stimulus generator is used to furnish the necessary 
signal or signals. 

These techniques have been reduced to practice. This 
report described the hardware required and discusses practical 
ways in which the necessary circuitry can be built into the 
prime equipment. The simplicity of the programming and 
the speed with which a complex piece of electronic equipment 
can be checked are demonstrated. Finally, a prototype test 
instrument capable of simultaneously testing four charac- 
teristics of the module or of its stimuli is described in detail. 


testing the dynamic per- 


is 


United States standard for the colors of signal lights, F. C. 
Breckenridge, NBS Handb. 95, (Aug. 21, 1964), 25 cents. 
The standard provides in part I basic chromaticity definitions 
defining the chromaticities that are considered safe for use as 
representing the named colors. These are the basis for the 
selection of the national standard filters and for the tolerances 
given in part II for duplicating them. The procurement 
requirements of parts III and IV are based primarily on sets 
of these filters in combination with prescribed sources although 
provision is also made for procurement under the basic 
chromaticity definitions in cases in which it is impracticable 
to base the procurement on filters. Part V provides guidance 
in selecting signal colors for new uses, and part VI provides 
methods for special laboratory tests and serves as a technical 
interpretation of the practical tests prescribed in parts III 
and IV. 


Shielding for high-energy electron accelerator installations, 
NBS Handb. 97, (July 1, 1964), 20 cents. 

This report is intended to give a summary of the presently 
available data required to calculate the shielding for high- 
energy, high-intensity electron-accelerator installations. The 





report is not intended to present specific, all-inclusive reeom- 
mendations since it is not felt that at the present time the 
“state of the art’’ has progressed to the point where such 
recommendations are feasible. Rather the report is aimed 
at outlining the present state of our knowledge about the 
factors governing the shielding required in the vicinity of 
these accelerators. The recommendations that are made 
have to do primarily with a procedure to be followed in 
establishing the required amount of shielding. 


Foreign-language and English dictionaries in the physical 
sciences and engineering. A selected bibliography 1952 to 
1963, T. Marton, NBS Misc. Publ. 258, (July 24, 1964) 
$1.25. 

The bibliography lists over 2800 unilingual, 


bilingual, and 
polyglot dictionaries, 


glossaries and encyclopedias in the 
physical sciences, engineering and technology published 
during the past twelve years. The majority of the titles 
cited have English as the source or target language, or are 
dictionaries giving definitions in English. The bibliographic 
entries are arranged in 49 subject classes; within each sub- 
ject, the entries are listed alphabetically by language, and 
within each language group by author. Forty-seven foreign 
languages are represented in the compilation. Lists of ab- 
breviations and reference sources, and detailed author, lan- 
guage, and subject indexes complement the publication. 


Selection of camera filters for color photography, C. 8. 
McCamy, NBS Misc. Publ. 259, (June 26, 1964), 5 cents. 
This chart provides a quick and easy way to select the right 
filter for almost any combination of light source and color 
film. A straightedge laid across the three scales so that it 
connects the light source and the color film will cross the 
center line at a point corresponding to the proper filter. 
Notations consisting of a series of filter designations (e.g 
S0B+S82c+ 82a) mean that all these filters should be used 
at once for proper correction. When color correcting filters 
are used, the exposure must be increased by the “filter factor’’ 
assigned by the filter manufacturer. 


Standard reference materials: Preparation of NBS white 
cast iron spectrochemical standards, R. E. Michaelis and 
L. L. Wyman, NBS Misc. Publ. 260-1, (June 19, 1964), 
39 cents. 

Several methods have been investigated for the preparation 
of cast iron spectrochemical standards and a satisfactory 
procedure has been devised. The method involves casting 
the molten metal into a grid type of mold on a massive water- 
cooled copper plate. The method has been applied to the 
preparation of eight NBS white cast iron spectrochemical 
standards containing a graded concentration range for some 
20 elements, of which the following 10 initially have been 
certified: C, Mn, P, 8, Si, Cu, Ni, Cr, V, and Mo. Details 
of the planning and preparation are given with particular 
emphasis on the problems peculiar to standards for cast 
materials. 


Average power dissipated in a diode swept along its reverse 
characteristic, H. A. Schafft, VBS Tech. Note 240, (Apr. 
1964), 20 cents. 

The commonly used method of sweeping to a fixed power in 
order to compare the reverse characteristics of a group of 
similar diodes is found lacking under conditions for which 
an average temperature is meaningful. It is shown how a 
determination may be made of the average power dissipation 
in a diode (or in any device with a similarly shaped char- 
acteristic) when it is swept along its reverse characteristic 
by a full-wave rectified sinusoidally varying voltage in series 
with a resistive load. The uncertainty in the determination 
due to the variability of the characteristic is for most cases 
less than +5% if the ratio of the maximum voltage drop 
across the current limiting resistor to the maximum voltage 
across the device is larger than or equal to two. Errors 
introduced by small uncertainties in the pertinent parameters 
are also presented. Finally it is shown how the reverse 
characteristics of similar diodes can be examined under rela- 
tively equivalent heating conditions. 


30, 





81 


Calculations for comparing two-point and four-point probe 
resistivity measurements on rectangular bar-shaped semi- 
conductor samples, L. J. Swartzendruber, NBS Tech Note 
, (June 1, 1964), 25 cents. 
ott codes are given which enable the calculation of four- 
point probe correction factors for use with bar-shaped 
ples. Samples with either plated or unplated 
considered. The errors that arise due to probe 
ment, inaccurate sample size and shape, and nonuniform 
end plating are also considered. Use of the results permits 
accurate comparison of two-point and four-point probe resis- 
tivity measurements. The codes are in Fortran II language 


sam- 
are 
misplace- 


ends 


and were written for an IBM 7090 computer. 


A helicopter battery W. G. 


NBS Tech. Note 


service simulator, 
(Aug. 28, 1964), 20 cents. 

A semi-automatic helicopter battery service simulator 
described in detail. The simulator consists of a programing 
unit and operational unit for charging and discharging the 
battery, and peripheral equipment for furnishing charging 
current and recording data. The design of the program 
unit is based on the use of stepping switches and is capable 
of selecting any minute of a week uniquely. The programer 
is designed to handle a large number of programs but only 8 
control units were installed. The capacity of the complete 
simulator is 3 batteries. The design is such that the simula- 
tor can be made fully automatic by the addition of certain 
data recording equipment. 
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Factors influencing the design of original- errr my scanners 
for input to cemputers, NBS Tech. Note Aug. 19, 
1964), 35 cents. 

This report considers some of the factors involved in the 
design and implementation of scanners capable of reading 
data from documents in their original form rather than from 
microfilm. The scanner is assumed to be part of a tran- 
scribing information processor such as the FOSDIC (Film 
Optical Scanning for Direct Input to Computers) type of 
machine. Advantages and disadvantages of microfilm as 
against original document scanning are discussed. | 
considered include the types of forms that are to be handled, 
paper handling problems, available electronic and mechanical 
scanning techniques, problems of resolution and image de- 
fects, precision limitations, and overall system limitations. 
A set of general specifications for scanners for direct data 
input to computers is developed in qualitative terms. 
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An international comparison of voltage-transformer calibra- 
on to 350 kv, F. K. Harris, . C. Sze, N. L. Kusters, 
Petersons, and W. J. M. Moore, JEEE Trans. Commun. 
Flee. No. 79, 13-19 (Jan. 1964). 
An international comparison is reported of voltage-trans- 
former calibration tests at voltages to 350 kilovolts. Measure- 
ments of ratio and quadrature errors are reported by the 
High Voltage Laboratories of the U.S. National Bureau of 
Standards and the National Research Council of Canada, 
for a transformer having nominal voltage ratios from 1000/1 
to 4000/1. Where the transformer ratio is adequately stable, 
the results from the two laboratories are in agreement within 
20 ppm in the measurement of ratio error and 10 ppm in 
quadrature error. 


The quest for design data, R. 


B. Stewart, Symp. The Role 
Cryogenics Is 


Playing in Expanding Mechanical Engineering, 
a8 Soc. Refrigerating and Air Conditioning 
New York, N.Y., Feb. 11-14, 1964, pp. 13 (1964 
The acquisition of data for the design and analysis of cryo- 
genic systems is representative of the quest that confronts 
the engineering profession in new fields of technology. The 
compilation of thermodynamic properties for the cryogenic 
fluids is used as an illustration of the problems of acquiring 
data. Authoritative tabulations of thermodynamic data 
required, based on experimental data that have been 
jected to critical evaluation in selecting the ‘‘best 
of the data. 
Compilation groups, utilizing the data available in the scien- 
tific literature, can generally lead the determination of new 
experimental data by years. The demands of new develop- 
ments in eryogenics still outpace these efforts, however, and 
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the design engineer often must perform data compilations 
within the scope of his immediate needs. 

Some examples of compilation problems are included, which 
demonstrate techniques of data compilation that may be 
within the province of the engineer. These examples include 
(1) the extension of the oxygen property charts into the 
liquid range, (2) the generation of P-p-T data for neon from 
corresponding states theory, and the determination of an 
equation of state for helium. 
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Absolute temperatures determined from measurements of 
the velocity of sound in helium gas, G. Cataland and H. H. 
Plumb, Pro Advisory Committee on Thermometry to the 
Intern. Bureau of Weights and Measures, 6th Session, p. 175 
(Se pl. 26-27, 1962). 
At 20 °K and below, the measurement of the speed of sound 
in helium gas appears to yield a more accurate determination 
of absolute temperatures than has been previously realized. 
In an ideal gas, the speed of sound is directly proportional to 
the square root of the absolute temperature; for a real gas, 
corrections must be made which involve virial coefficients of 
the gas expressed in a pressure expansion. Because these 
corrections increase with pressure, it is desirable that velocity 
measurements for absolute temperature determinations be 
conducted at the lowest practic il pressures, where a real gas 
approaches the state of an ideal gas. 

An acoustical interferometer ha used as a 
instrument, and absolute temperature 
2 °K and 20 °K have been investigated. The temperature, 
measured acoustically, at K is three millidegrees higher 
than the temperature associated with the T;s helium vapor 
pressure seale; at 20 °K, it is within 10 millidegrees of the 
equilibrium hydrogen vapor pressure-temperature scale of 
Woolley, Brickwedde, and Scott The work being con- 
tinued determine absolut: temperature seale below 
20 °K. 
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Some results and problems in calibrating the NBS photo- 
electric pyrometer of 1961, R. D. Lee, Proc. Advisory Com- 
mittee ‘ to the Inte n. Bureau Weights and Meas- 
6th Session, pp. 79 Se 27, 1962). 
realization of the International Practical Temperature 
IPTS 1063 °C has been accomplished in the 
past with a disappearing filament optical pyrometer. Photo- 
electric means of detecting the equality of spectral radiance 
long the same principles of the visual optical pyrometer 
have demonstrated to be considerably more precise, 
and precision has been accomplished with a 
narrower spectral bandpass 
In the past few vears photoelectric pyrometers have been 
developed at the National Bureau of Standards (NBS) and 
at other national standards laboratories. Some progress 
has been made toward the realization of the IPTS with the 
NBS pyrometer. This paper reports on the preliminary 
results and problems observed in this work. 
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A coaxial adjustable sliding termination, W. E. 
J. P. Wakefield, TJEEE Trans. Mi 
12, No. 248 (Mar. 1964). 
The design of an adjustable sliding coaxial termination for 
use in modified reflectometer techniques is presented. Some 
results from t use of terminations made from the design 
procedures are also discussed. 
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Effect of blowing variables on durability of coating grade 
asphalts, 8S. H. Greenfeld, /ndust. and Eng. Chem. Prod. Res. 
& Devel. 3, 158-164 (June 1964 

The effects of varying temperature, 
during the blowing of fluxes from California, Kansas, Tia 
Juana and Talco fields on the physical properties and _ re- 
sistance to accelerated weathering (durability) of the coating- 
grade products were studied. Although the durabilities of 
the asphalts produced from each source varied with the 
blowing conditions, the California and Taleo fluxes were 
more sensitive to the variables than were the Tia Juana and 
Kansas fluxes. The durabilities of the asphalts produced 
from the California flux varied in the range of 39-68 days, 
inversely with blowing temperature and directly with air 
flow rate and agitation rate. The durabilities of the Taleo 
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asphalts varied in the range of 32 to 56 days inversely with 
the blowing temperature but were relatively independent of 
air rate and agitation. The durabilities of the Tia Juana 
asphalts were highest when they were blown at the lower 
temperatures and higher air rates with little or no agitation. 
They varied within the range of 46 to 60 days. The dura- 
bilities of the Kansas asphalts ranged from 65 to 87 days. 
The highest blowing temperatures and air rates produced 
the least durable Kansas asphalts. The ranges of variables 
covered were as follows: Temperature 430-530 °F: Air Rate: 
38-150 cu ft/ton-min.; Agitation: 0-2200 rpm. 

All three variables had pronounced effects on the blowing 
rates (change of softening point with time) of the four fluxes. 
However, the final penetrations of the Kansas and Tia Juana 
asphalts were insensitive to the blowing conditions. The 
penetrations of the California and Taleo asphalts varied to a 
greater extent with blowing conditions. The California 
asphalts had lower penetrations than normally specified for 
coating-grade materials. 

The solubility parameters of the asphaltenes and the asphal- 
tene contents of the asphalts were related to the flux source, 
but did not vary appreciably with the blowing variables. 


Q meter measurements up to 260 MHz, M. G. Broadhurst 
(Proc. Conf. Electric Insulation), 1963 Annual Re port, Natl. 
Acad. Sci.-Naitl. Res. Council Publ. 1141, pp. SO (1964). 
A system is proposed for measuring the dielectric constant 
and loss of solid-disk specimens up to 260 MHz. The sample 
holder is a small two-terminal parallel plate capacitor to be 
used with the Boonton type 190A Q meter. Accuracy of 
1“ for e’ and +5, for e’’ is expected using susceptance- 
variation methods. Preliminary calibrations and measure- 
ments will be described and modifications to permit low tem- 
perature measurements will be discussed. 
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The performance of point level sensors in liquid hydrogen, |). 
A. Burgeson, W. G. Pestalozzi, and R. J. Richards (Proce. 
1963 Cryogenic Eng. Conf. Uni Colorado and National 
Bureau of Standards, Boulder, Colo... Aug. 19-21. 1963), Book. 
Advances in Cryogenic Engineering 9, Paper G-5, 416 
(Plenum Press Ince Vew York, } 196.3). 

Seventeen manufacturers’ point sensors have been tested for 
repeatability and time response from one atmosphere to 13.6 
atmospheres. An analysis of the results by type and operating 
principle is presented. A description of the test apparatus and 
and operating procedure is included. Possible application of 
point level sensors to space systems is summarized. 


/DD 


fan 


s 


He-Ne laser with perpendicular end windows, Kk. 
K. F. Nefflen, and K. Gillilland, J. Opt. Soc. 
Editor 3, No. 6, 7 (June 1964 

An external-mirror He-Ne laser has been successfully operated 
in which the discharge tube is sealed with dielectrically coated 
end windows perpendicular to the tube. Unlike the Brewster- 
angle design, the new laser retains both fields of polarization. 
Thus, the power output is increased, and certain optical 
experiments are facilitated. 
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Functions for the calculation of entropy, enthalpy, and internal 
energy for real fluids using equations of state and specific 
heats, J. G. Hust and A. L. Gosman (Proc. 1963 Cryogenic 
Enq. Conf. Univ. Colorado and National Bureau of Standards, 
Boulder, Colo., Aug. 19-21, 1963 Book, Advances in Cryo- 
genic Engineering 9, Paper D-8, 2 233 (Plenum Press Inc., 
New York, N.Y., 1964). 

General functions for the determination of entropy, enthalpy, 
and internal energy are derived. In the first part of this 
paper the integration path is taken to be on the real gas 
surface thus vielding one set of equations. In the latter part 
of this paper the integration path is defined such that ideal gas 
specific heats and reference properties are introduced. The 
latter set of functions are applied to a particular equation of 
state resulting in algebraic expressions for the entropy, 
enthalpy, and internal energy. 
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On the measurement of random chain scission by stress 
relaxation, H. Yu, Polymer Letter 2, 631-6345 (1964). 

In enumerating the number of random chain scissions by 
the method of stress relaxation of a network, an inprovement 





over the treatment by Bueche, and by Berry and Watson is 
proposed. The lower limit of the average length of the net- 
work chains where the treatment fails account correctly 
for the number of scissions is computed. 
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Electrical resistances of wires of low temperature-coefficient 
of resistance useful in calorimetry (10°K —380°K), G. 
Furukawa, M. L. Reilly, and W. G. Saba, Rev. Sez. Instr. 
35, No. 1, 113-114 (Jan. 1964). 

Measurements of the electrical resistance in the range 10° to 
300°K were made constantan, manganin, ‘‘Evanohm’’, 
and *‘Karma’’ wires in the course of a search for alloy wires 
with low temperature-coefficient of resistance for use as calorim- 
eter heaters. Above 250°K, all four wires have comparable 
low temperature-coeflicients of resistance suitable for calorim- 
eter heaters; below this temperature, both ‘*Evanohm” 
and ‘Karma’ wires have significantly lower temperature- 
coeflicients of resistance than constantan or manganin wire. 
The total resistance change in the range of the measurements 
was 0.9 percent for ““Evanohm” and ‘‘Karma’”’ as compared 
with 6 and 10 percent for constantan and manganin wires, 
respectively. 
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Intense resonance line sources for photochemical work in 
the vacuum ultraviolet region, I] Okabe, J. Opt. Soc. Am. 54, 
No. 4, 478-481 (Apr. 1964). 

A simple, completely sealed, discharge resonance lamp 
operated by a 2450 Me/see microwave power described 
which emits atomic lines of sufficient intensity to be useful as 
a photochemical light source. 

When a water impurity is present in the lamp, many emis- 
sion lines appear in the region of wavelength from 1500 to 
200 A. These impurity lines can be effectively removed by 
means of a getter or by a suitable cold trap. The pressures 
of pure Xe or Kr in the resonance lamp, required to give 
maximum intensity (approximately .5x 10% quanta/see), 
are 0.7 and 1.0 mm, respectively. The presence of a CO 
impurity does not affect the intensity of the resonance lines. 
After passing through a l-mm LiF window, the intensity 
of the Xe line at 1295 A is about 2°) of that at 
1470 A and the intensity of the Kr line at 1165 A is about 
28°, of that at A. A mixture of the rare gas and He 
gives more intense light than the pure gas. The lifetime of 
the rare-gas resonance lamps is approximately 10h. Lyman 
alpha (1216 A) line from excited atomic hydrogen and a group 
of lines at 1743-45 A from excited atomic nitrogen may be 
used as a photochemical light source. 


is 


resonance 


236 


Techniques for using the air-gap method for the precise 
determination of the dielectric constant and loss angle of 


solid disk specimens, A. II. Scott, (Proc. Conf. Electric 
Insulation), 1963 Annual Report, Natl. Acad. Sci.-Natl. Res. 
Council Publ. 1141, p. 74 
Improved techniques in the use of the air-gap method of 
measuring the dielectric constant and dissipation factor are 
described and some typical results are given. It is concluded 
that this method can be used to determine the dielectric 
constant to 0.1°, and the dissipation factor to 1x 10+ 1% 
or better. 
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Constants of the interpolation formula for platinum resistance 
thermometers, J. L. Riddle, Proc. Advisory Committee Ther- 
mometry to the Intern. Bureau Weights and Measures, 6th 
Session, pp. 198—201 (Sept. 26-27, 1962). 

Values of the constants in the interpolation formula for a 
large number of thermometers recently submitted to the 
National Bureau of Standards for calibration are summarized. 
All thermometers suitable as standards which were received 
over a period of about one year during 1959 and 1960 are 
included. Limitations on such constants can serve either to 
make the International Practical Temperature Seale (IPTS) 
more precisely defined or to reduce the number of calibration 
points required for application over limited temperature 


ranges. 


Separation and determination of zirconium in zirconia-yttria 
mixtures by precipitation with cupferron, I. J. Maienthal and 
J. K. Tavlor, Anal. Chem. 36, 1286-1287 (June 1964 
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A method is described for the determination of zirconium in 
zirconia-yttria mixtures which is simple, accurate, and appli- 
cable to concentrations of zirconia ranging from 4 to 97°). 
For 11 determinations within this range, the mean error was 
0.05°7; the maximum, 0.15%. Previous literature indicates 
that precipitation with cupferron yields a zirconia precipitate 
contaminated with yttria, but quantitative 


separation 
achieved by a double cupferron precipitation. 
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Analysis of the frost phenomena on a cryo-surface, R. V. 
Smith, D. K. Edmonds, E. G. F. Brentari, and R. J. Richards, 
(Proc. 1963 Cryogenic Enq. Conf. Univ. Colorado and National 
Bureau of Standards, Boulder, Colo., Aug. 19-21, 1963), Book, 
Advances in Cryogenic Engineering 9, Paper B } 
(Plenum Press Inc., New York, N.Y., 1964 

An expression is presented for heat and mass transfer 
frost-air interface for frost formed by forced convection on 
surface near liquid nitrogen temperatures. The results 

this expression are compared with data obtained 

mentally using a liquid-nitrogen-cooled eylinder in a 
flow of air with air temperature, velocity, and humidity 
controlled variables. 

kixpressions and correlations are presented to provide design 
information regarding the frost mass, thickness, 
thermal conductivity. 
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The operating characteristics of Zener reference diodes and 
their measurements, W. G. Eicke, Jr., JSA Trans. 3, No. 2, 
93-99 (Apr. 1964 

A measurement technique with an accuraev in terms of the 
saturated standard cell of 20 ppm and capable of 2 to 4 ppm 
accuracy for making stability studies is described. Typical 
stability data are presented on several diodes. Results of a 
study of the effect of current and temperature on the output 
voltage are given including an equation relating th 
variables. The effect of alternating-current 
the direct current output is discussed and a 
effect is suggested. Also the electrical 
the diode is discussed. 
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The correlation of thermodynanic properties of cryogenic 
fluids, R. B. Stewart and hk. D. Timmerhaus, P 1965 
Cryode nie Ena. Conf., Univ. Colorado and National B ‘reau 
Standards, Boulder, Colo., Aug. 19-21, 1963), Book, Advances 
in Cryogenic Engineering 9, Paper A—3, 20 (Plenum Press 
Inc., New York, N.Y... 1964). 

To provide tabulations of thermodynamic properties for 
cryogenic systems design, the staff of the Cryogenic Data 
Center of NBS has undertaken the correlation and selection 
of the pertinent experimental data. Tables and graphs of 
properties, as well as analytical functions for computer pro- 
gramming, are now available for several of the cryogenic 
fluids. These tabulations are intended to provide the 
neer with compre hensive and consistent sets of data which 
are hopefully the best representation of the existing experi- 
mental data. 

These compilations have also served to define the limitations 
of the existing data and to define the needs for new measure- 
ments. This paper summarizes the experimental data for 
the several cryogenic fluids and outlines some of the proce- 
dures utilized in providing the various sets of thermodynamic 
property values. 
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Modern methods of analysis for the design of cryogenic 
equipment and processes, T. R. Strobridge and D. B. — ann, 
Symp. The Role Cryogenics Is Playing in Expanding Mechani- 
cal Engineering, Am. Soc. Refrigerating and Air Cond 
Engineers, New York, N.Y., Feb. 11-14, 1963, 
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Interest in eryogenic processes and equipment has developed 
rapidly over the past few years. Exotie rocket fuels and 
oxidizers, cryogenic magnets, masers and infrared detectors 
are but a few of the applications of low temperature tech- 
nology. With this increased interest it is necessary to design 
and develop systems of high efficiency and dependability. 
Accurate real gas thermodynamic property data for use in 
low temperature process optimization and analysis and ex- 
perimental data reduction are essential to the study of these 
problems. 





At the National Bureau of Standards-Cryogenic Engineering 
Laboratory, high speed digital computers are being used to 
investigate refrigeration and liquefaction equipment and 
processes. Rather complex real gas state equations are 
developed in order to describe broad regions of the pressure- 
density-temperature surface. The reduction of these state 
equations to thermodynamic property tables is made prac- 
tical only with the use of computers. These tabulated data 
for such refrigerants as helium, normal and para hydrogen, 
neon and nitrogen are used as input data for the computer. 
Performance of refrigeration and liquefaction systems in- 
corporating unique or experimental components are inve sti- 
gated ‘‘on paper” by the computer before fabrication, thus 
saving time and reducing cost. After fabrication, test data 
reduced, analyzed, and compared to the ‘on paper” 
predictions. 
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The calorimeter and its influence on the development of 
chemistry, G. T. Armstrong, J. Chem. Educ. 14, 297 (June 
1964 

Compared to many techniques of current interest in physical 
chemistry, the measurement of heat is quite old. Some very 
early calorimeters are described, and some steps in the develop- 
ment of highly sophisticated modern calorimeters from these 
early instruments are outlined. The calorimetric laws of 
Hess and of Petit and Dulong discussed in terms of the 
data available at the times of their formulation, and the effects 
of subsequent measurements on the validity of these laws. 
Current needs for calorimetric measurements are described, as 
related to development of theories of interaction energies of 
atoms and of the need by chemists in various pure and applied 
fields for thermodynamic data. 
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A new steady-state calorimeter for measuring heat transfer 
through cryogenic insulation, |). R. Beck, F. Kreith, and 
R. H. Kropschot, (Proc. 1963 Cryogenic Eng. Conf., Univ. 
Colorado and National Bureau Standards, Boulder, Colo.. 
Aug. 19-21, 1963), Book, Advances in Cryogenic Engineering 
9, Paper B-4, 64-70 (Plenum Press Inc., New York, N.Y., 
1964). 

A guarded evlindrical calorimeter, 
niques for heat flux measurement, 
tus can be used to measure the 
same, undisturbed, sample over wide temperature limits to 
an accuracy of better than 3 pereent. The conductivity of 
one sample of SiO, plus aluminum powder is reported. 
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A preliminary study of the orifice flow characteristics of 
liquid nitrogen and liquid hydrogen discharging into a vacuum, 
J. A. Brennan, (Proc. 1963 Cryogenic Eng. Conf., Univ. 
Colorado and National Bureau Standards, Boulder, Colo., 
Aug. 19-21, 1963), Book, Advances in Cryogenic Engineering 
9, Pape r E-6, 292-303 (Plenum Pre Inc., New York, N.Y., 
1964 
The and handling of liquid propellants on board 
vehicles in space presents many problems. Flow characteris- 
tics of the propellants through holes made in the tank walls 
by meteoroid puncture is one such problem and is the subject 
of this work. Overall discharge coe cients for small- 
diameter, thick-plate orifices were determined as a function of 
disc he irge pressure using liquid nitrogen and liquid hydrogen. 
Discharge pressures from 3 mm Hg to slightly above the triple 
point were investigated. 
Flow characteristics appear to be sensitive to discharge pres- 
sure and the condition of the liquid upstream of the orifice. 
The condition of the liquid was, of course, dependent on the 
A marked difference in 
the 
If 
no gas phase passed 
very nearly predicted 
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heat transfer to the containing vessel. 
flow pattern that 
liquid was nearly saturated or if two phase flow existed. 
the liquid was nearly saturated and 
through the the flow could be 
by the incompressible flow equations. When gas 
phase upstream of the orifice it appeared that 
solid formation could take place in the orifice itself and thereby 
retard the fiow. , 
In addition to orifice 
discussion of observed flow | 


was observed depended on whether 


orifice 
adiabatic, 
was present 


the discharge coefficients a general 
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Sieve techniques for obtaining small amounts of narrowly 
classified particles, C. M. Hunt and A. R. Woolf, Mater. 
Res. Std. Tech. Note 4, No. 7, 364 (July 1964) 

Methods are described for obtaining small amounts of par- 
ticles of narrow size distribution in individual sizes ranging 
from about 5 microns to 75 microns or possibly larger. One 
use to which such narrowly classified particles have been put 
calibration of a Coulter Counter. By using narrowly 
classified particles, the number of microscopic measurements 
required to establish the distribution of the calibration sample 
are greatly reduced. The procedure described partly 
because it timely for Coulter Counter users, and partly 
because there may be other applications for small amounts 
of narrowly classified particles. 
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Tooth fluorometer, F. Forziati, 
Barone, J. Am. 


A fluorometer 


Kumpula, and J. J. 
Dental Assoc. 67, No. 5, 663-669 (Nov. 1968). 
for the measurement of the fluorescence of 
teeth in the mouth has been designed and constructed. The 
fluorometer consists of a medium pressure mereury vapor 
lamp (as a source of ultraviolet radiation), a filter passing 
only U. V. radiation in the 365 my region of the spectrum, a 
lens for focusing the radiation onto the specimen, an annular 
lens to collect the emitted fluorescence, another filter (pass- 
ing only visible radiation), and a photomultiplier radiation 
detector. The signal from the photomultiplier is fed into a 
direct current amplifier, equipped with attenuation and 
sensitivity controls, and then to a recorder. The fluorometer 
has been used to record the fluorescence of natural teeth, 
artificial teeth and other materials. 


ron microcopy resolution test chart, B. 
Natl. Microfilm Association Meeting, San 
Apr. 30-May 13, 1963, pp. 67 (1963). 
The National Bureau of Standards supplies resolution charts 
for measuring the resolving power of microfilming systems. 
Recently, the master negatives used in the production of the 
charts were completely remade. This presented the oppor- 
tunity to make certain desirable changes in the interest of 
standardization and efficiency of production. Since all 
principal design features have been retained, the new chart 
is applicable in every instance where the previous chart was 
used, 
Measurements of the negatives and the resulting charts 
indicate that an accuracy of two percent is obtained in pattern 
line width and frequency. 
The use of the chart is reviewed 
with the charts are appended. 
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Studies at NBS of the platinum-6% rhodium vs. platinum- 
30% rhodium thermocouple—A preliminary report, G. W. 
Burns, Proc. SAE Meeting, Sept. 23-27, 1963, Los Angeles, 
Calif., Preprint 750B (1963) 

The National Bureau of Standards is developing a reference 
table for the platinum-6° rhodium vs platinum-30°7 rhodium 
thermocouple. Thermocouples from three American manu- 
facturers and one European manufacturer have been tested 
in the 0 to 1600 °C range. The paper discusses the choice of 
materials and briefly describes the methods of testing used 
in this work. The results of the tests are compared with a 
reference curve used in Europe for the thermocouple. 
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~— applications of refrigeration, E. F. 

V. Smith, ASHRAE Guide and Data Book, 
Soc. Heating, Refrig. Air 

New York, N.Y., 1964). 

The medical applications chapter 

applications in biological systems. 
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Measuring the directivity of a directional coupler using a 
sliding short-circuit and an adjustable sliding termination, 
R. Beatty, JEEE Trans. Mi Theory Tech. MTT- 
12, 3, 283 (May 1964). 

A modification of an earlier method for measuring the 
tivity of a directional coupler is described. 
circuit and adjustable sliding termination 
In the earlier method one observed the average 
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side arm output as the short-circuit was slid in the waveguide 
attached to the main waveguide of the directional coupler. 
In the modified method, the tuner connected to the input 
waveguide of the directional coupler is adjusted for the 
condition of constant side arm output as the short-circuit 
slides. 

This results in an improvement of the technique and simplifies 
the error treatment. 

Graphs are presented for making a correction to the observed 
data for the effect of coupling, and for estimating the limits 
of error due to the main waveguide VSWR of the directional 
coupler. 


Magnetically retained evaporation mask, F. E. Jones and 
A. B. Castle, Sr., Rev. Sct. Instr. 34, No. 9, 1055 (Sept. 1963). 
This note describes a method of masking for vacuum de- 
posited films. The method involves the use of a metal mask 
magnetically held against a substrate or a film on a substrate 
during the deposition of a film in a pattern established by 
the mask. The fabrication of the mask is described in detail 
including a special forming fixture for the mask. 


Thermal Degradation of Organic Polymers, Book, 8. L. 
Madorsky, Interscience Publ. Inc., New York, N.Y. (1964). 
The book represents a critical review of the techniques em- 
ployed and of the results obtained in studies on the thermal 
degradation of organic polymers during the past fifteen years 
or so, at the National Bureau of Standards and elsewhere. 
The topics covered pertain primarily to relative thermal 
stability of the polymers, the chemical nature of the degrada- 
tion products, and the kinetics involved in the chemical 
reactions. The discussion degradation of polymers in vacuum 
and neutral apmospheres in the temperature range of about 
200° to 1200° C. 


Frequency and time standards, G. EF. 
World 72, 20-23 (Aug. 1964). 

A review of the work of the Institute of Basic Standards, of 
the National Bureau of Standards, in the area of atomic 
frequency standards and atomic time scales. Some theo- 
retical notions concerning accuracy of measurements, are 
included, as well as a description of the U.S. frequency 
standard and the NBS—A time seale and their dissemination 
via WWVB, WWVL, and WWV. 
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Recognition of clauses in machine translation of languages, 


F. L. Alt, Proc. Intern. Conf. Machine Translation of Lan- 
guages and Applied Language Analysis, Teddington, England, 
Symp. No. 13, pp. 126-142 (Her Majesty's Stationery Office, 
London, England, Sept. 1961). 

In analyzing the syntactic structure of a sentence in the 
course of machine translation, it is necessary to decompose 
the sentence into its constituent clauses. In the machine 
translation scheme under development at the National 
Bureau of Standards, it is efficient to do this as a separate 
step, preceding the main portion of the syntactic analysis. 
Further, it is advantageous to identify prepositional, par- 
ticipial and other phrases simultaneously with the separation 
of clauses. The present paper lists the types of clauses and 
phrases which can be recognized, and the indicators which 
the computing machine can use in their identification. 


X-ray study of a cadmium borate glass, S. Block, J. 
and J. Piermarini, J. Am. Ceram. Soc. 46, 557 (1963). 
The electron radial distribution function of 40Cd0:60B,0; 
(mole ©) glass is presented and an interpretation of the 
distribution maxima is given. 


Molin, 


Transequatorial reception of a very-low-frequency transmis- 
sion, C. J. Chilton, A. Diede, and S. Radicells, J. Geophys. 
Res. 69, No. 7, 1319-1328 (Apr. 1, 1964). 

A comparison is made between the phase and amplitude of 
the 18 ke/s signal NBA (Balboa, Panama) recorded at Boulder, 
Colorado in the northern hemisphere and Tucuman, Argentina 
in the southern hemisphere. Although these two propagation 
paths are essentially the same length the difference between 
the two paths in the diurnal change in phase height is approxi- 
mately 5 km and the estimated field strength appears to be 


significantly lower at Tucuman than at Boulder. It is 
suggested that the cause of these experimentally observed 
differences is the variation in cosmic ray ionization with 
latitude. 


Tomorrow's facilities for standards and measurement, I1.F. 
Wollin, Scale J. 50, No. 6, 2 (Mar. 1964). 

Over the 60 years of its existence the National Bureau of 
Standards has constantly examined itself, its mission, and 
its responsibilities, and has reshaped its program to meet the 
needs of the nation. During the past several years, such 
reevaluation has been intensified and is bringing about 
significant changes in the Bureau’s physical plant and in its 
organizational structure. 

Elaborate new facilities involving 20 major buildings are now 
under construction at Gaithersburg, Maryland. Occupancy 
of the new facilities is expected by 1967. 

The organizational structure of NBS recently underwent a 
major change. Under the new organization four institutes 
have been established. They are the Institute for Basic 
Standards, the Institute for Materials Research, the Institute 
for Applied Technology, and the Central Radio Propagation 
Laboratory. The new organization was created to permit 
more effective management, and to more closely identify 
NBS activities with the specific needs of science, industry, 
and commerce. 


Review of recent developments of high temperature ther- 
mocouples, P. D. Freeze, Am. Soc. Mech. Engrs., Pape r No. 
63—Wa, 212, 16 (Nov. 1963). 
Some of the results obtained by 
development of thermocouples for measurement of high 
temperatures are reviewed. Of particular interest are the 
thermocouple combinations which can be used in the range 
of 1000° to 2400°C. 

Base-metal thermocouples are used up to 1000°C, but 
temperature is near their maximum for continuous 
Investigators are seeking to extend their operating range 
improve their resistance to oxidation and 
mospheres. 

When temperatures in the range 1000° to 2160°C are to be 
measured accurately, and conditions of chemical attack and 
oxidation arise, the use of noble metals becomes mandatory. 
A variety of thermocouple combinations of noble metals such 
as those of platinum-rhodium alloys and of iridium-rhodium 
alloys against iridium are discussed. 

Temperatures above 2000°C generally require the use of 
refractory metals. Progress in development of thermo- 
couples made from tungsten and rhenium and their alloys is 
discussed. Comparisons of results of various investigators 
are given for thermocouple calibrations, atmospheres, ther- 
moelectric outputs, estimated maximum errors, temperature 
ranges, and mechanical and thermoelectric stabilities. 
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Correction to ‘‘a method for measuring the directivity of 
directional couplers,’ G. E. Shafer and R. V. Beatty, /EEE 
Trans. Microwave Theory Tech. MMT-12, No. 3, 361 (May 
1964). 

Correction to Equations (18) and (19) of “A Method for 
Measuring the Directivity of Directional Couplers.” 


Inline waveguide attenuator, W. Larson, /EEE Trans. 
Microwave Theory Tech. Corres. Sec. MMT-12, No. 3, 367-368 
(May 1964). 

A new inline attenuator fabricated in the manner of the com- 
mon multi-hole directional coupler has qualities for use as 
an interlaboratory standard. Calibrations of one model of 
this attenuator, and experiments with conventional wave- 
guide components indicate improvements in calibration results 
with simplified calibration procedure. 


Improved transducer for external recording of arterial pulse 
waves, M. Davis, B. Gilmore, and E. Freis, JEEE Trans. 
Bio-Med. Elec. BME-10, No. 4, 173-175 (Oct. 1963). 

This paper describes a new instrument with excellent low- 
frequency response for recording arterial pulse-waveforms. 
It uses a fluid-filled chamber and a stiff diaphragm to which 
a set of semi-conductor strain gages are cemented. 





; 
Physical properties of cements, based on zine oxide hydro- 
genated rosin, o-ethoxybenzoic acid and eugenol, S. Civijan 
and G. M. Brauer, J. Dental Res. 48, No. 2, 281-299 (Mar. 
Apr. 1964 

Previous studies in this laboratory showed that addition of 
o-ethoxybenzoie acid (EBA) improved the properties of zinc 
oxide-eugenol cements. The physical properties of two 
formulations containing 0-ethoxybenzoic acid (EBA)-eugenol 
liquid and zine oxide-hydrogenated rosin powder were in- 
vestigated and compared with those of zine oxide-eugenol 
and zine phosphate cements. 

With the exception of their higher coefficient of thermal ex- 
pansion, the EBA cements had much better physical proper- 
ties than zine oxide-eugenol cement and showed compressive, 
tensile, and shear strengths that approached those of zine 
phosphate cements. 

Addition of heat-treated fused quartz to the powder improved 
the dimensional stability and strength of the EBA cements. 
The materials appear promising as improved sedative bases 
and as pulp-capping and cementing media. 


The characterization of large single crystals by high-voltage 
X-ray Laue photographs, I. Peiser and E. P. Levine 
(Proc. 11th Ann. Conf. Applications of X-ray Analysis, Aug. 
1962), Book, Advances in X-ray Analysis 6, 158-163 (Plenum 
Press Inc., New York, N.Y., 1963 

Large single crystals can be examined by conventional X-ray 
diffraction procedures only at their surface or by destructive 
sectioning. With the limitations inherent in polychromatic 
X-ray photography, high-volt Laue pictures are shown 
to give information internal quality of large 
erystals. 
Asterism in 
with aks 
large crystals. 
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conventional Laue photographs is contrasted 
due to geometric effects in Laue patterns of 

Detail within the streaks reveals sub-grain 
\ primary extinction effect can be used as strik- 
ing proof of good crystals being capable of scattering coher- 
ently over large distances. 
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The anomaly in the response of semiconductor detectors at 
low temperatures, W. R. Dodge, 


~ 


Domen, D. Hopper, and 


A. Hirshfeld, Se NS-11, 1-14 (June 


1964 


IEEE Trans. 


Investigation of the response to photons and beta particles of 
silicon solid state cooled to temperatures below 
77 °K has led to of an anomaly in the pulse 
height distribution function of the detector tem- 
perature The height distribution from a 
exposed to a bet 4() and 77 °K 
normal however, between 30 and 40 °K the 
apparent charge collection decreases by a factor 
of 2 the resulting spectrum shows no clearly resolved 
This aly persists lithium- 
silicon least .S °K. Preliminary 
temperature below 
mum observable pulse in- 
in the 
about 
temper 4) °K, 
electric field strengths (up to 4200 volts/em) little 
the shape or maximum pulse height of the spectrum occur. 
Measurements indicate that tl transition region from the 
anomalous low temperature spectrum to the well resolved 
(10 Key FWHM) high temperature spectrum is less than 
5 °K in width. Measureme: the behavior of the re 
sponse anomaly function ctor resistivity, barrier 
type, bias voltage, and ioniz density of the incident 
radiation will be presented data will also be 
sented for lithium-drifted germani 
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A new high voltage calibration facility at the National Bureau 
of Standards, Boulder, W. W. ISA 1963 Proc. Pape 
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with an uncertainty less than 0.010% at de and up to 13.2 
kv with an uncertainty less than 0.29% at 60 or 400 eps. 
Ratio and phase angle measurements are also performed on 
potential transformers with an uncertainty 
0.05% at 60 or 400 eps and +2 minutes at 

minutes at 400 eps. 
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A low input VSWR coaxial diode switch for the UHF band, 
W. L. Ecklund, IEEE Trans. Mic rowave The ory Te ch. 
Corres. Sec. MT'T-12, No. 3, 359 (May 1964). 

A unique SPDT coaxial diode switch has been developed at 
the Boulder Laboratories of the National Bureau of Standards. 
By using a system of outer conductor reducers, special block- 
ing capacitors, and a series of tuning screws, an input VSWR 
of less than 1.07 is achieved over a broad frequeney band 
centered at 1000 Me. The characteristic impedance of the 
switch is 50 ohms; the isolation in one arm is greater than 
63 db: the insertion loss is about L.5 db: the switching time 
is 20 nanoseconds; and it has a power handling capability of 
3 watts CW. 


Suggested practices for establishing sampling and sample 
preparation techniques in spectrochemical analysis, R. E. 
Michaelis, Book, Methods for Emission Spectrochemical 
Analysis, 4th Edition, pp. 256-259 (American Society for 
Testing Waterials, Phila., Pa., Feb. 1964 

The requirements necessary to establish suitable 
chemical sampling and sample preparation techniques in 
spectrochemical analysis are emphasized. Factors are con- 
sidered which dictate how a material should be sampled and 
prepared to yield reliable, accurate spectrochemical results. 
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The large 50 Me’s dipole array at Jicamarca Radio Observa- 
tory, (i. R. Ochs, Digest of the 1963 IEEE Profe ssional Group 
on Antennas and Propagation, p. 237 (July 1963). 

A vertically directed antenna having a square aperture of 
84,000 square meters has been constructed near Lima, Peru, 
for electron density measurements of the ionosphere and 
exosphere. It consists of two superimposed arrays of half- 
wave dipoles at right angles to each other, placed 0.3 wave- 
length above a reflecting screen of poultry netting. The 
half-power beamwidth of the antenna is 1.06 It will accept 
maximum input power levels of megawatt average of 
16 megawatts peak. The measured on-axis gain is 0.65 that 
of a perfect uniformly illuminated aperture of this size. 


OLS 


Numerical analysis of the thermal environment of occupied 
underground spaces with finite cover using a digital com- 
puter, T. Kusuda and P. R. Achenbach, ASHRAE Trans. 6, 
No. 6, 99-105 (June 1964 

A rectangular parallelepiped underground cavity at finite 
depth was used as a mathematical model for the heat trans- 
fer phenomena associated with the thermal environment in 
occupied fallout shelters in a study sponsored by the Office 
of Civil Defense. Finite differenee time-iteration formulae 
corresponding to the three-dimensional transient heat con- 
duction equation were programmed for the digital computer. 
Simultaneous exchange of heat and water vapor inside the 
cavity among the occupants, ventilation air, and surfaces 
were included in the boundary conditions, as well as the solar 
radiation and convective heat exchange at the earth’s surface 
above the cavity. Computed values for Shelter air tempera- 
ture and relative humidity, shelter surface temperature, and 
surface heat flux were compared with observed data available 
from two experimental fallout shelters. The computed data 
followed the patts rn of observed value Ss very closely, and the 
majority of the calculated shelter air temperatures and rela- 
tive humidities agreed with observed values to within 2° F 
and 5°], respectively, at the end of a 14-day occupancy test. 
The digital computer technique based on the finite-difference 
method appears promising from the standpoint of calculation 
speed, economy, and accuracy 


Emission spectrometry, B. F. Scribner and 
Anal. Chem. 36, No. 5, 329-3438R (1964 

This chapter is to be included in the treatise, Part I, Seetion 
K-3, Optical Methods of Analvsis 
with the fundamental 
emission spectroscopy 
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of materials. The 
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major topics discussed are excitation of spectra, spectrographs 
and detectors, accessory equipment, qualitative analysis, 
quantitative analysis, semi-quantitative methods of analysis, 
and sources of information. 


Polarography as an analytical tool, J. K. Taylor, J. 
Offic. Agri. Chem. 47, No. 1, 21-27 (Jan. 1964). 

The precision and sensitivity of polarographic methods of 
analysis are discussed. Modified polarographic techniques 
developed to provide increased sensitivity or to minimize 
analytical interferences are reviewed. 
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Optically pumped magnetometers and related experiments 
in high magnetic fields, P. L. Bender, Book, Quantum Elec- 
tronics, Ed. P. Grivet and N. Bloembergen, I. I, 263-273 
(Columbia University Press, New York, N.Y., 1964). 

Some considerations on optically pumped magnetometers are 
given. Related experiments in high magnetic fields giving 
alkali nuclear moments and departures from the Breit-Rabi 
formula are suggested. 


The units and standards of electrical measure, F. K. Harris, 
Electron World 72, No. 2, 29-32 (Aug. 1964). 

The historical background of the electrical units and their 
experimental realization are discussed, together with the 
present status of our National reference standards for elee- 
trical measurement State-of-art capabilities in some of the 
d-c and low-frequency areas of electrical measurement are 
briefly considered. 


Internal friction in rutile containing point defects, J. B. 
Wachtman, Jr., and L. R. Doyle, Phys. Rev. 185A, 276 (1964) 
The type of point defect which is introduced into rutile by 
reduction caused by heating io vacuum is not firmly established 
although both oxygen vacancies and titanium interstitials 
have previously been suggested. Symmetry arguments are 
used to determine the orientation dependence of internal 
friction for both. A peak with activation energy of 23.5 
keal/mole with a computed standard error of 1 keal/mole 
was observed with stress along the [100] direetion which is 
forbidden for isolated oxygen vacancies with the full sym- 
metry of the oxygen sites; oxygen vacancies of lower sym- 
metry might cause this peak, but would also cause another 
peak which was not observed. The observed peak is permit- 
ted for titanium interstitials. Such interstitials should also 
cause a peak for stress directed along [110], but no such peak 
was observed, Full agreement with the present experimental 
results obtained by assuming that titanium inter- 
Stitials are associated in pairs over the temperature range of 
the peak. This interpretation may not be the only way of 
explaining the data, particularly since we have not considered 
the effect of chemical impurities in association with point 
defects or more complicated phenomena. The evidence 
strongly suggests that the predominant point defect in 
vacuum reduced rutile is neither a simple oxygen vacancy 
nor a simple titanium interstitial as is frequently assumed. 
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Review of static seals for cryogenic systems, R. F. 
and P. R. Ludtke, J. Spacecraft 1, No. 3253 
June 1964 

A review of cryogenic static seals is given, with particular 
emphasis on seals for propellant systems and high vacuum. 
Categories described are 
actuat 
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ring seals, pressure 
actuated seals. The review 
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Dose fields from plane sources using point source data, J. I. 
Hubbell, Nucleonics 21, No. 8, 144-148 (Aug. 1943). 

Six currently-used analytic point source buildup factor formu- 
las are summarized, all of which lead to analytic solutions for 
a variety of distributed problems with 
symmetry The 
formulas be extended to other 
source problems, 


source rotational 
use of thes« 
distributed 
rectangular 
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by expanding the buildup factor as a power series 


exp (+ por) >} by 


(a generalization of the Leshechinskii formula) in which por 
is the mean free path distance between point source and 
detector, and the 6, coefficients are easily generated from 
parameters given for any of the above analytic buildup 
factor formulas. The power series formulation is applied to 
give: 

(1) a comparison with dose-rates measured by a detector 
separated from a Co—60 rectangular plaque food irradiator 
by a laver of steel and a layer of water and 

(2) dose-rate profiles at constant heights across 
circular areas in a Co—60 infinite plane source in air. 


cleared 


Hall generators: what, why, and how much? 8S. Rubin, 
IEEE Intern. Convention Record, Part 8, p. 74 (Ma 
A brief tutorial introduction to the galvanomagnetic effects, 
the Hall effect and the magnetoresistive effect is presented 
The characteristics of the Hall effect of interest in engineering 
applications are outlined, and a list. of applications is given 
Standards of terminology and measuring methods being 
evolved, both internationally under the auspices of the IEC, 
TC-—47, and nationally under the Department of the Navy, 
Bureau of Naval Weapons, are noted. Several of these are 
outlined in detail, and three are discussed at length. 

The concept of linearity error as the departure of the actual 
characteristic of a device from the straight line graph that 
would characterize a perfectly linear device, expressed as a 
percent of the ordinate magnitude at a particular point of 
the straight line, as opposed to a percent of the full scal 
ordinate magnitude, is fully discussed. An example of it 
application in a magnetic induction measuring application 
is given. 

The common sensitivity index for Hall generators, the prod- 
uct sensitivity, is discussed, and two additional indices, the 
current and magnetic sensitivities, are introduced. T 
relations between the three and the advantages of eac 
considered. Equations are presented which allow thi 
vation of either one of the other two, if one of the three i 

is known. 
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The half-life of carbon-14: Comments on the mass-spectro- 
J 


metric method, E. k. Hughes and W. B. 
Appl. Rad. Isotopes 15, No. 1, 97 
An assessment has been made of the mass-spectrometer 
results in the recent NBS determination of the half-life of 
carbon-14. Evidence is presented to show that the un- 
certainties due to effusive separation and the dependence of 
the sensitivity constant on the isotopic abundance of earbon- 
14 are small. It is proposed, however, to reduce the value 
of the half-life of carbon-14 determined by Mann, Marlow, 
and Hlughes (1961) to 5740 
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A recalibration of the National Bureau of Standards tritiated 
water standards by gas counting, W. B Mann, R. W. Med- 
lock, and O. Yura, Intern. J. Appl. Rad. Isotopes 15, No. 6 
351-361 (1964). 

The National Bureau of Standards hydrogen-3 standards 
were prepared in the winter of 1954-55 
metric measurements. They have now re-calibrated 
by means of the National Bureau of Standards length- 
compensated internal gas counters. The new value for their 
activity is 1.96°, lower than that previously measured, but 
this difference also involves uncertainties in the half-life 
and the average beta energy for hydrogen-3. A value for 
the ratio of the combined evaporation and reaction 
with zine, for HTO and H,0, equal to 0.92 has been obtained. 
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Electronic scanning for large radiotelescopes, T. A. Clerk, 
Digest 1963 IEEE Prof. Group Antennas and P opagation, 
pp. 242-246 (July 19638). 

This paper describes a means by which a large radio-telescope 
can be electronically scanned in one dimension, and a simple 
scheme for producing a variable phase shift by purely elec- 





tronic means. The paper concludes with a proposed Mills 
Tee array which can be electronically scanned in declination 
for use in ionospheric and radio-astronomical studies at a 
frequency near 10 Mes. The basic phase sweeping scheme 
involves the use of traveling-wave feeds and variable conver- 
sion oscillators to effect a net phase change along a transmis- 
sion line. 


Electron microscopy and diffraction of aluminum oxide 
whiskers, 1). J. Barber, Phil. Mag. 10, No. 103, 75-94 (July 
1964). 
Whiskers of a—Al,0; have been grown by the condensation 
and oxidation of aluminium on an alumina substrate, and 
examined by transmission electron microscopy and diffraction. 
Unbroken whiskers invariably terminate in a small globule 
of aluminum and have a ‘‘drumstick’’ form. The most perfect 
whiskers are ribbons with their principal surfaces parallel 
to the (0001) planes; the majority of these have a <1120 
growth direction. With intense heating in the electron beam, 
such ribbons can be thermally etch-pitted. Many drumsticks 
are tubular rather than ribbon-like and drumsticks containing 
axial dislocations have also been seen. The effect of intense 
heating on these whiskers has been investigated. Occasion- 
ally, the aluminium globules melt and react with the carbon 
support film in the microscope to give erystalline Al,Cs. 
Alternatively, a globule may explode to form many small 
globules that immediately develop stems; thus, new whiskers 
are formed in the microscope. The relevance of these obser- 
vations to proposed mechanisms for the growth of drumstick 
whiskers is discussed. 


Theory of operation of the rotary positive displacement meter, 
C. T. Collett (Proc. 23d Annual Measurement Short 
Course, Aug. 20, 1963), West Virginia Univ. Tech. Bull. 70, 


Me} 53 (1963). 


Gas 


The fundamental theory of the operation of the rotary positive 
displacement meter is developed. The general principles of 
idealized multi-lobed gear meters are compared with actual 
characteristics of manufactured two-lobed impeller meters. 


The establishment and maintenance of the unit of voltage at 
the NBS Boulder Laboratories, B. A. Wickoff, JSA 1963 
Proc. Paper No. 28.2.63 (1968). 

This paper describes the methods and techniques used with 
saturated cells to establish a unit of voltage at NBS Boulder. 
This group of cells is one of two groups both known as Na- 
tional Working Standards that are directly related to the 
National Reference Group. Also presented is a discussion of 
(1) the problems involved, (2) calibration facilities and 
procedures used to disseminate the unit of voltage, and 
(3) future plans for the unit of voltage maintained at Boulder. 


Four-point probe measurement of non-uniformities in semi- 
conductor sheet resistivity, L. H. Swartzendruber, Solid State 
Electronics Z 413-422 (1964 

Equations and graphs are presented to aid in the evaluation 
of resistivity non-uniformities when measured by use of the 
four-point probe. Both the in-line and square array four- 
point probes are considered. To enable a circular dise to be 
probed for non-uniformities, correction factors for a displaced 
probe are given for an in-line array displaced with points on a 
diameter, for an in-line array displaced with points perpen- 
dicular to a diameter, and for a displaced square array. 


Discrepancy in conversion of early melting-point tempera- 
tures, 8. J. Schneider, J. Am. Ceram. Soc. 46, No. 7, 354-3565 
(1963 

The assumption that the melting points of Al,O; and other 
refractories reported in the early 1900’s were based on a scale 
identical with the International Temperature Seale of 1927 
is pointed out to be false. A positive correction generally 
must be applied when converting the earlier data to equiva- 
lent values on the International Practical Temperature Scale 
of 1948. 


Relationship between intensity of carbon are and asphalt 
oxidation, J. R. Wright, P. G. Campbell, and T. L. Fridinger, 


ASTM Spec. Tech. Publ. No. 247, pp. 3-20 (May 1964). 
Films of two air-blown asphalts were exposed to the carbon 


are at different intensities to determine the effect of radiant 
energy intensity on the rate of asphalt oxidation. The oxida- 
tion rates were established by measuring the changes in 
infrared absorption in the carbonyl band as a function of 
exposure time. The intensity of the radiant energy was 
varied by the voltage adjustment switch on the accelerated 
weathering machine or by moving the samples closer to the 
are. The intensity was monitored by power consumption and 
the incident flux by chemical dosimetry. It was found that: 
(1) the asphalt oxidation rate increased with the intensity of 
the carbon are; (2) the radiant energy output of the accelerated 
weathering machine tends to level off at the higher voltage 
settings; and (3) at the maximum voltage setting of the 
accelerated weathering machine, the incident radiant flux 
does not equal or exceed that which can be absorbed by 
asphalt. Monitoring the incident radiant energy is recom- 
mended as a part of the accelerated weathering procedure for 
asphalt. 


Standard potential of the Ag-AgCl electrode in 5% aqueous 
manitol, R. Gary and R. A. Robinson, J. Chem. Eng. Data 9, 
No. 3, 376-378 (July 1964) 

The standard potential of the Ag-AgCl electrode from 0° to 
60° has been determined by e.m.f. measurements on the cell: 


Pt-H,/HCl (m), mannitol (5 wt. ©), H,.O/AgCl-Ag 


From these data and from data on the same cell containing 
no mannitol, the relative partial molal quantities AG°, AH°® 
and AS° for the change in solvent are calculated. The value 
of AG® for HCl in 5° mannitol at 25° is found to be 54 j. 
mole-!. There is a small but significant change in the e.m.f. 
of the cell if mannitol is replaced by its diastereoisomer, 
sorbitol. 


Summary of symposium on recent research on bituminous 
materials, S. H. Greenfeld, ASTM Spec. Tech. Publ. No. 347, 
pp. 108-111 (May 1964). 

Eight papers were presented in the Symposium on Recent 
Research on Bituminous Materials sponsored by Committee 
D-8 on Bituminous and Other Organie Materials for Roofing, 
Waterproofing, and Related Building or Industrial Uses of 
the American Society for Testing and Materials. This sum- 
mary includes the reasons for having the symposium and the 
important contributions of the eight papers. 


Report on standard samples, reference samples, and high- 
purity material for spectrochemical analysis, R. k. Michaelis, 
ASTM Spec. Tech. Publ. No. 58-E (1963). 

A revision of the survey on available samples, reference 
samples, and high-purity materials has been prepared. In- 
cluded in the revision are new sources of these 
from this country and foreign countries as well. The report 
lists 2851 standard samples, about 1200 reference samples, 
and more than 1000 materials having a claimed purity of 
99.9 percent or higher. This represents an increase of about 
1650 entries for the three-year period between revisions. 


materials 


Standard electromotive force of the hydrogen-silver chloride 
cell and the thermodynamics of solutions of hydrochloric acid 
in 50 wt. % methanol from 10 to 40° C, M. Paabo, R. A. 
Robinson, and R. G. Bates, J. Chem. Eng. Data 9, No. 3, 
374-876 (July 1964). 

The standard electromotive force of the cell Pt/H, (g., | atm.): 
HCl (m) in 50 wt. © methanol-water: AgCl/Ag has been 
determined at seven temperatures from 10 to 40 °C. The 
activity coefficients of hydrochloric acid in 50°, methanol 
for molalities in the range 0.005 to 0.1 have been derived 
from the e.m.f. measurements. From the variation of the 
activity coefficient with temperature, the relative partial 
molal enthalpy of hydrochloric acid at 25° was calculated 
for comparison with the value in the aqueous medium. 


Gallium-palladium alloys as dental filling material, R. M. 
Waterstrat and R. W. Longton, Public Health Rept. 79, No. 
7, pp. 638-642 (July 1964). 

Alloys of gallium and palladium may be prepared for use as 
dental filling materials by mixing a liquid gallium-tin eutectic 
solution together with palladium powder in a manner analo- 
gous to the present methods used for mixing dental amalgam 
alloys. 





The mechanical properties of these alloys depend to a great 
extent upon the particle size of the metal powders and they 
may be controlled over a rather wide range of values. When 
compared with dental amalgam, the gallium alloys frequently 
have a greater strength and are more resistant to flow. 
They permit a greater retention of room temperature strength 
at mouth temperature and a thermal expansion 
coefficient closer to that of human teeth. In addition the 
gallium alloys possess the remarkable ability to ‘‘wet’’ the 
tooth structure. 

At the present time the use of gallium alloys as dental filling 
materials is prevented by an inadequate knowledge of their 
stability in the oral environment. A considerable latitude 
exists for alloying palladium with other noble metals in order 
to improve the properties of the gallium alloys. 


possess 


Thermodynamics of aqueous solutions of hydriodic acid 
from electromotive force measurements of hydrogen-silver 
iodide cells, H. B. Hetzer, R. A. Robinson, and R. G. Bates, 
J. Phys. Chem. 68, No. 7, 1929-1933 (1964). 
Electromotive foree measurements of the cell Pt;H,(g), 
HI(m), AgI;Ag have been made at 11 temperatures from 0 
to 50°. The standard e.m.f. (E°) is given within 0.05 mv. 
by the equation E° 0.15242 —3.19 x 10-4(t — 25) — 2.84 
10~*(t —25)?, where t is the temperature in degrees Celsius. 
These values are in excellent agreement with those obtained 
by Owen from studies of borax-buffered KI solutions at 5, 
10, 30, 35, and 40° but differ by 0.14 to 0.17 mv. at 15, 20, 
and 25°. The activity coefficient (y+) of HI at molalities 
(m) from 0.005 to 0.9 has been derived. The relative partial 


molal enthalpy (L») of HI at 25° was calculated and com- 
pared with that for HCl and HBr. : 
is 0.811 and L, is 130 eal. mole~!. 


At 25° and m=@.1, 


y 


Electrode potentials in fused systems. VII. Effect of ion 
size on membrane potentials, K. H. Stern and J. A. Stiff, 
J. Electrochem. Soc. WH, No. 8, 893-897 (Aug. 1964). 
Concentration cells exhibiting glass membrane 
have been measured for the AgBr—NaBr, AgCl 
AgCl—CsCl systems. Only for the first of these can the 
bulk composition be used to calculate cation transport 
numbers in the membrane. For the latter two the sodium 
ion impurities in the melt appear to be potential determining. 
In the sodium-containing systems the anions appear to be 
transported as part of a cationic silver complex. 


potentials 
KCl, and 


Analysis of rotation errors of a waveguide rotary-vane atten- 
uator, W. Larson, JEEE Trans. Instr. Meas. IM-12, 
50-55 (Sept. 1963). 

In the Microwave Calibration Services Section of the NBS 
Radio Standards Laboratory, Boulder, Colo., and analysis of 
calibration data obtained from measurements made on a 
rotary-vane type attenuator reveals that the vane alignment 
produces an inherent vane-angle error. It is found that the 
standard deviation of the measured values of attenuation is 
correlated with the vane-angle error. Approximately two- 
thirds of the attenuators calibrated were in error by less than 
50 per cent of the manufacturer’s stated specifications of 
necuracy. 

The treatment rotary vane attenuator is 
extended to cover the vane-angle error, resettability error, 
and mismatch error. 


> 


No. 2 


of the errors of a 


The method of analysis is applicable 
to all attenuation values and vane-angle errors of this sample. 
Graphs are used to estimate the limits of these errors. Sev- 
eral representative cases are given using the deviation from 
the “estimated vane-angle error’ to establish limits in the 
correction of vane-angle error. 

A modified rotary-vane attenuator with a resolution equal to 
30 times the resolution of the attenuators comprising the 
sample was used to verify calculated vane-angle error at 
various values of attenuation. Inherent vane-angle error 
can be reduced by increasing the dial resolution and by a 
technique of precise vane alignment at zero dial setting. 


89 


Other NBS Publications 


Journal of Research 68A (Phys. and Chem.), No. 6 (Nov.— 
Dec. 1964), 70 cents. 


The 1962 He’ scale of temperatures. 
comparisons. 8. 
above abstracts.) 

The 1962 He?’ scale of temperatures. II. Derivation. 
Sydoriak, T. R. Roberts, and R. H. Sherman. (See above 
abstracts. ) 

The 1962 He?® scale of temperatures. III. Evaluation and 
status. T.R. Roberts, R. H. Sherman, and 8. G. Sydoriak, 
(See above abstracts.) 

The 1962 He? scale of temperatures. IV. Tables. 
Sherman, 8. G. Sydoriak, and T. R. Roberts. 
abstracts.) 

Absolute isotopic abundance ratio and the atomic weight of 
a reference sample of copper. W. R. Sheilds, T. J. Murphy, 
and E. L. Garner. 

Absolute isotopic abundance ratio and the atomic weight of 
bromine. E. J. Catanzaro, T. J. Murphy, E. L. Garner, 
and W. R. Sheilds. 

Optical properties of thin films on transparent surfaces by 
ellipsometry; internal reflection for film covered surfaces 
near the critical angle. E. Passaglia and R. R. Stromberg. 
(See above abstracts.) 

On the second-order transition of a rubber. E. A. DiMarzio. 

Ionization constants and reactivity of isomers of eugenol. 
G. M. Brauer, H. Argentar, and G. Durany. 

Near infrared spectrophotometric method for the determina- 
tion of hydration numbers. R. A. Durst and J. K. Taylor. 
(See above abstracts.) 

Franck-Condon factors for the ionization of H,, HD, and Dp». 
M. E. Wacks. 

Caleulation of the geometrical structure of some AH, mole- 
cules. M. Krauss. 

Preparation and heat of formation of a magnesium oxysulfate. 
kK. S. Newman. 

Heat capacity of potassium borohydride (KBH,) from 
375 °K thermodynamic properties from 0 to 700 
G. T. Furukawa, M. L. Reilly, and J. H. Piccirelli. 

Heat of combustion and heat of formation of aluminum 
carbide. R. C. King and G. T. Armstrong. 

Some elastic compliances of single crystal rutile from 25 to 
1000 °C. S. Spinner and J. B. Wachtman, Jr. (See 
above abstracts.) 

Energy dependence of the D-D reaction cross section at low 
energies. J. G. Brennan and J. J. Coyne. 

Steady-state response of silicon radiation detectors of the 
diffused P-N junction type to x rays. I: Photovoltaic 
mode of operation. K. Scharf and J. H. Sparrow. (See 
above abstracts.) 

Intercomparison of high-energy x-ray intensity measurements. 
J. S. Pruitt and 8. R. Domen. 


I. New vapor pressure 
G. Sydoriak and R. H. Sherman. (See 


S. G. 


R. H. 


(See above 


15 to 
K. 


Journal of Research 68B (Math. and Math. Phys.), 

(Oct.-Dec. 1964), 75 cents. 

Hydrodynamie fluctuations and Stokes’ 
Zwanzig. 

Equivalence of certain inequalities complementing those of 
Cauchy-Schwarz and Hélder. J. B. Diaz, A. J. Goldman, 
and F. T. Metealf. 

Weak generalized inverses and minimum variance 
unbiased estimation. M. Zelen and A. J. Goldman. 

Improvement of bounds to eigenvalues of operators of the 
form T*T. N. W. Bazley and D. Fox. 


The greatest crossnorm. R. Schatten. 


No. 4 


Law friction. R. 


linear 


Radio Sci. 
1965), $1.00 
Some problems of ionospheric nonlinearities. D. H. Menzel. 
Some nonlinear phenomena in the ionosphere. \V. A. Bailey. 
An experimental study of gyro interaction in the ionosphere, 
at oblique incidence. F. H. Hibberd. 
On some nonlinear phenomena in the ionospheric plasma. 
P. Caldirola and O. De Barbieri. 
Ionospherie cross modulation: a 
Layzer and D. H. Menzel. 


J. Res. NBS/USNC-URSI 68D, No. 1 (Jan. 


microscopic theory. D. 





\VLF noise bands observed by the 
Belrose and R. E. Barrington. 
Excitation of optical radiation by high power density radio 

beams. L. R. Megill. 
Alteration of the electron density of the 
with ground-based transmitters. P. P. 
Collision effects in hydromag 
and A. A. Wyller. 
Electromagnetic wave reflection from an oscillating, 
sion-free magneto-ionic medium. O. E. H. Rydbeck. 
Nonlinear propagation of waves in 
ee mas. II. abstract) M. 38. 
C . Palumbo. 


Radio Sci. J. Res. 

1964), 51.00. 

Expr riment on the constancy of th velocity of clectromag- 
netic radiation. P. Beckmann and P. Mandies. (See 
above abstracts. 

Measurement of the phase 
th earth-ionosphere 
Chilton. 

Wave hop theory of long distance 
quency radio waves. L. A. Berry. 

Wave propagation in 

S. R. Seshadri. 

Wave propagation in a compressible 
S. R. Seshadri 

Spatial properties of the amplitude 
HF radio waves. J. Ames. 

Physical properties of the polar winter mesosphere obtained 
from low-frequency propagation and _ partial 
studies. J. S. Belrose, L. R. Bodé, and L. W. Hewitt. 

teply to the “Remarks by Donald H. Menzel With Refer- 
ence to Bailey’s Comments on Solar Electric Fields.”’ 
V.A. Baile Vv. 


Alouette I satellite. J. 3. 


lower ionosphere 
Lombardini. 
neto-ionie theory. H. K. Sen 


colli- 


electromagnetic 
An invited 


mag- 
Sodha and 
NBS USN¢ 


URSI 68D, No. 12 (Dec. 


velocity of VLF 
waveguide. F. K. 


propagation in 
Steele and C. J. 
propagation of low-fre- 


a compressible Part I. 


ionosphere. 
Part II. 


ionosphere. 


fading of continuous 


reflection 


Line agra aig and 
bands a b 32m, D. M. 
and W. Benedict, 


computed spectra for water 
Gates, R. F. Calfee, D. W. Hansen, 
NBS Mono. 71, (Aug. 3, 1964), $2.00. 
Tables of potion radial functions and tangents of phase 
shifts for light nuclei (Z—-1 through 10), C. P. Bhalla, 
NBS Mono. 81 (Aug. 6, 1964), $3.25. 
Examination of farm milk tanks. <A 
and measures officials, M. W. 
(May 22, 1964), 35 cents. 
Hvdraulic Rese arch in the 
Middleton, NBS Misc. 
Water-repellent 


vapor 


manual for weights 
Jensen, NBS Handb. 98 


United States 
Publ. 261 
preservative 


1964, Ed. H. K. 

(Aug. 14, 1964), $1.25. 

non-pressure treatment for 
millwork, CS262—63 (Dec. 31, 1963), 10 cents. 

Quarterly radio noise data March, April, May 
Crichlow, R. T. Disney, and M. A. Jenkins, 
Note 18-18, (July 25, 1964), 50 cents 

Absolute shohumnetts of the light of the night sky. The 
zenith intensity of Haleakala (latitude N 20.7°) and at 
Fritz peak (latitude N 39.9°), F. E. Roach and L. L. 
Smith, NBS Tech. Note 214 (June 29, 1964), 35 cents. 

Survey of multiply charged ions, F. L. Mohler, NBS Tech. 
Note 243 (May 27, 1964), 10 cents 

Radiochemical : analysis: Activation 
tion, radiation techniques, 
Kd. J. R. DeVoe, NBS 
50 cents 

Metastable levels in the continuum and the 
particle model, F. Prats and U. Fano, Proce. I[Ird Intern. 
Conf. Physies of Electronic and Atomic Collisions, Lon- 
don, England, p. 600-605 (July 22-26 1963). 

Satellite scintillation observations at Boulder, Colorado, 
J L.. Jespr rsen and G. Kamas, J. Atmospheric Terrest. 
Phys. 26, 457-473 (1964). 

The reaction of methyl radicals with dimethylmercury, R. E. 
Rebbert and P. Ausloos, J. Am. Chem. Soc. 86, No. 10, 
2068 May 20, 1964). 

On associated ions in polyelectrolytes and trapped Browian 
trajectories, J. L. Jackson and 8. R. Coriell, J. Chem, 
Phys. 40, No. 5, 1460-1461 (Mar. 1, 1964). 

Approximations to the pair correlation function for 
sphere fluid, M. Klein, Phys. 
Mar. 1964). 


1963, W. Q. 
NBS Tech. 


analysis, 
and radioisotope 


Tech. Note 


instrumenta- 
techniques, 
248 (Aug. 21, 1964), 


independent 
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a hard- 
Fluids 7, No. 3, 391-410 


Physical egg se in the D region of the ionosphere, G. C. 
Reid, Rey. Geophys. 2, No. 2, 311-333 (May 1964). 

Observation of FeO in ee by flash heating and kinetic 
spectroscopy, A. M. Bass, N. A. Kuebler, and L. 8. Nelson, 
J. Chem. Phys. 40, No. 10 ot 3122 (May 15, 1964). 

Computer simulation of traffic on nine blocks of a city 
street, M. C. Stark, (Proc. 41st Annual Meeting Highway 
tesearch Board, Jan. 8-12, 1962), Highway Res. Board 
Bull. 356, Publ. 1051, p. 40 (Natl. Acad. Sei.-Natl. Res. 
Council, Wash, D.C., 1962 

One man’s opinion 
rubbers), R. D. 
(June 1963). 

Long-lived effects in the D region after the 
nuclear explosion of July 9, 1962, A. H. 
Crombie, A. G. Jean, A. Murphy, and F. K. Steele, 
J. Geophys. Res. 69, No. 9, 1921-1924, (May 1, 1964). 

Some remarks concerning non-reciprocity in radio propagation, 
J. R. Wait, IEEE Trans. Ant. Prop. AP-12, No. 3, 
372-373 (May 1964). 

Synthesis of diatomic radicals, H. E. Radford, J. 
Phys. 40, No. 9, 2732-2733 (May 1, 1964). 

The effective area of a guarded electrode, J. I. Lauritzen, 
Jr., (Proc. Conf. Electric Insulation) 1963 Annual Report, 
Natl. Acad. Sci.-Natl. Res. Council Publ. 1141, pp. 67-73 
(1964). 

The listing of sudden ionospheric disturbances, J. V 
Planet Space Sci. 12, 419-434 (1964). 

Evidence of a stratified echoing region at 
the vicinity of the magnetic 
hours, B. B. Balsley, J. 4 
(May 1, 1964). 

Effect of pressure in the radiolysis and photolysis of methane, 
P. Ausloos, R. Gordon, Jr., and 8. T. Lias, J. Chem. Phys. 
40, No. 7, 1854-1860 (Apr. 1, 1964). 

Introduction, V. J. Johnson, Am. Soc. 
Conditioning Engineers, Symp., The Role 
Playing in Expanding Mechanical 
semi-annual meeting of the Am. Soc. of Heating, Refriger- 
ating and Air-Conditioning ee, New York, N.Y., 
Feb. 11-14, 1963, pp. III-IV (1964 

Measurement of the cross section for elastic scattering of slow 
electrons by hydrogen atoms, W. L. Wiese, VIth Intern. 
Conf. Ionization Phenomena in Gases I, 5-8 (Paris, 1963). 

Mass spectrometric study of the isotopic exchange rate of 
oxygen atoms with O., NO, and NO, J. T. Herron and 
F. 8. Klein, J. Chem. Phys. 40, No. 9, 2731 (May 1, 1964). 

Growth twins and branching of electrodeposited copper 
dendrites, F. Ogburn, J. Electrochem. Soc. 11, No. 7, 
870-872 (July 1954). 

Ultrasonically induced nuclear 
magnetic KMnF, A. B. Denison, L. W. 
Currin, W. H. Tantilla, and R. J. 
Letters 12, 244-245, (1964). 

Low-temperature infrared study of intermediates in the 
photolysis of HNCO and DNC O, M. BE. Jacox and D. E. 
Milligan, J. Chem. Phys. 40, No. 9, 2457-2460 (May 1, 
1964). 

N,.+ oscillators strength from are spectroscopic measurements 
using an analog computer, J. B. Shumaker, Jr., (Proce. 
Sixth Intern, Symp. Ionization Phenomena in Gases VII, 
No. 15, 311-313 (1963). 

Ixiolite and other polymorphic types of FeNbO,, R. 
and J. L. Waring, Am. Mineralogist 49, 242 
Apr. 1964). 
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Brady, D. D. 
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150 kilometers in 
equator during daylight 
Res. 69, No. 9, 1925-1930 


reophy Ss. 


tefrigerating and Air 
Cryogenics is 
Engineering at the 


antiferro- 
James, J. D. 
Mahler, Phys. Rev. 


spin transitions in 


Roth 
2 ef (Mar. 


Free subgroups and ors subgroups of the modular group, 


M. Newman, Ill. J. Math. 8, No. 2, : (June 1964). 

Four critical fis Ids. in superconducting indium lead alloys, 
S. Gygax, J. L. Olsen, and R. H. Kropschot, Phys. Letters 
8, No. 4, p. 228-230 (1964). 

Survey of current NBS work on properties of parahydrogen, 
R. D. Goodwin, D. E. Diller, W. J. Hall, H. M. Roder, 
L. A. Weber, and B. A. Younglove (Proc. 1963 Cryogenic 
Eng. Conf., Univ. Colorado and National Bureau of Stand- 
ards, Boulder, Colo., Aug. 19-21, 1963), Book, Advances in 
Cryogenic Engineering 9, Paper D-9, 234-242 (Plenum 
Press Ine., New York, N.Y., 1964). 





Presidential address before the Electrochemical Society meect- 
ing, Toronto, Canada, May 5, 1964, W. J. Hamer, J. 
Electrochem. Soc. Ril, No. 7, 145C-147C (July 1964). 

Precise determination of the area of guarded electrodes for 
accurate dielectric measurements on solid-disk specimens, 
W. P. Harris (Proc. Conf. Electric Insulation) 1963 Annual 
Report, Natl. Acad. Sci.-Natl. Res. Council Publ. 1141, 
p. 71 (1964). 

Open-probe thermocouple control of radio-frequency heating, 
A. W. Ruff, Jr., Rev. Sci. Instr. 35, No. 6, 760-761 (June 
1964). 

Surface currents in type IL superconductors, 
R. H. Kropschot, Phys Letters 9, No. 2, 91 Apr 1, 1964). 

Preliminary thermodynamic properties of neon, R. D. 
McCarty and R. B. Stewart (Proc. 1963 Cryogenic Eng. 
Conf. Univ. Colorado and National Bureau of Standards, 
Boulder, Colo., Aug. 19-21, 1963), Book, Advances in 
Cryogenic Engineering 9, Paper D-1, 161-167 (Plenum 
Press Ine., New York, N.Y., 1963). 

Thermodynamic representation of high-pressure vapor-liquid 
equilibria, J. M. Prausnitz, Chem. Eng. Sci. 18, 613-630 
(1963). 

Nuclear magnetic relaxation of the impurity nucleus in dilute 
ferromagnetic alloys, R. L. Streever, Phys. Rev. 134, No. 
6A, AI1GI2-AI617 (June 15, 1964). ; 

Metastable transitions in mass spectra of methane and the 
deuteromethanes, V. Hf. Diebeler and H. M. Rosenstock, 
J. Chem. Phys. 39, 1326 (1963). 

Electron distribution in the ionosphere, J. W. Wright, Proe. 
URSI X1IVth General Assembly, Sept. 1963, Tokyo, Japan 
XIII, pp. 206-222 (1964). 

Studies of photodissociation of molecular ions, G. H. Dunn, 
Book, Atomic Collision pp. 997-1005 (North- 
Holland Publ. Co., Amsterdam, The Netherlands, 1964 

Spread-F observations by the Alouette topside sounder satel- 
lite, W. Calvert and C. W. Schmid, J. Geophys. Res. 69, 
No. 9, 1839-1852 (May 1, 1964). 

Spectral distribution of typical daylight as a function of 
correlated color temperature, D. B. Judd, D. L. MaecAdam, 
and G. Wyszecki, J. Opt. Soc. Am. 54, No. 8, 1031-1040 
(Aug. 1964). 

Mechanical and dielectric relaxation of crystalline polymers 
in relation to degree of crystallinity and morphology, FE. 
Passaglia, Soc. Plastics Engrs., pp. 169-177 (July 1964). 

Mass spectrometric study of the photoionization of acetylene 
and acetylene-dy, V. H. Dibeler and R. M. Reese, J. Chem. 
Phys. 40, No. 7, 2034-2035 (Apr. 1, 1964). 

Low-temperature infrared studies of the chemistry of free 
radicals, M. Ek. Jacox and D. E. Milligan, Appl. Opt. 3, 
873 (July 1964). 

Characteristics energy losses of electrons in solids, Marton, 
Book, Actions Chimiques et Biologiques Des Radiations, 
Chapt. IV, pp. 260-281 (Masson et Cie Editeurs, Paris, 
France, 1964). 

Isotopic fractionation of uranium related to roll features in 
sandstone, Shirley Basin, Wyoming, J. N. Rosholt, E. N. 
Harshman, W. R. Shields, and E. L. Garner, Econ. Geology 
59, 570 (1964). 

Solid state detector 


S. Gygax and 


Pre ICCSSECS, 


for beta-ray spectroscopy below 4.2°, 
K. J. Chin, A. T. Hirshfeld, and D. D. Hoppes, Rev. Sei. 
Instr. 34, No. 12, 1258-1259 (Nov. 1963). 

Simple derivation of the Faxen solution to the Lamm equa- 
tion, G. Hl. Weiss, J. Math, Phys. 5, No. 5, 675-676 (May 
1964). 

Should the convention definition of mismatch loss be aban- 
doned? K. A. Norton, Proce. IEEE §2, 710 (June 1964). 

World days program, A. H. Shapley, IQSY Notes 5, 27-30 
(Dec. 1963); 6, 27-32 (Mar. 1964); 7, 13-15 (May 1964). 

Weights and measures and aerosols, M. W. Jensen, Proce. 50th 
Annual Meeting of Chemical Specialties Manufactures 
Association, pp. 33-35 (Dec. 9-12, 1963). 

Unitary symmetry in photoproduction and other electro- 
magnetic interactions, C. A. Levinson, H. J. Lipkin, and 
S. Meshkov, Phys. Letters 7, No. 1, 81-84 (Oct. 15, 1963). 

Effects of magnetic disturbance as noted on oblique incidence 
ionograms, V. Agy and Kk. Davies, AGARDograph 59, 
The effect of disturbances of solar origin on communica- 
tions, Ed. G. Gassmann, pp. 167-176 (Pergamon Press, 
Inc., London, England, 1963). 
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Editorial, R. W. Beatty, IEEE Trans. Microwave 
Tech. MTT-12, No. 3, 274 (Mav 1964). 

Comparison calibration of inductive voltage dividers, R. V. 
Lisle and T. L. Zapf, ISA 1963 Proc. Paper 7.1.63 (1963). 

lonospheric absorption in conjugate regions and_ possible 
oscillation of the ionosphere, H. J. A. Chivers and J. K 
Hargreaves, Nature 202, 891-893 (May 30, 1964 

Initial preparation and metastable ir 
spectra, . . Rosenstock, V. H. Dibeler, and F. N 
Harliee, J. Chem. Phys. 40, No. 2, 591-594 (Jan. 15, 1964). 

Infrared spectroscopy of weak charge-transfer absorption 
spectra of NO in Kr and CH,OH solutions, EF. E. Ferg 
and H. P. Broida, J. Chem. Phys. 40, 3715 (1964). 

Index to Journal of Association for Computing Machines, 
W. W. Youden, J. Assoc. Comp. Mach. 10, No. 4, 583-646 
Oct. 1963). 

Inelastic electron scattering from rare 
oscillator strengths in the continuum, C. FE. Kyuatt and 
J. A. Simpson, Proe. Third Intern. Conf. Physics of 
Electronic and Atomic Collisions, London, England, 1963 
pp. 191 200 (North Holland Publ. Co., Amsterdam, The 
Netherlands, 1964). 

Physical properties of cements, 

roslii, 


Theory 


transitions Mass 


Ison 


determination of 


CASES, 


based on zine oxide 

o-ethoxybenzoie acid and 
Civijan and G. M. Brauer, J. Dental Res 
281-299 (Mar.—Apr. 1964). 

A study of geomagnetic effects associated with auroral 
electron precipitation observed by balloons, W. H. ¢ 
bell, J. Geomagnetism and Geoelectricity 11, No. 1, 
June 1964). 

The calculations of autoionization probabilities, J. W. Cooper, 
Proc. Third Intern. Conf. Physics of Electronic and Atomic 
Collissions, London, 19638, pp. 595-599 (North Holland 
Publ. Co., Amsterdam, The Netherlands, 1964). 

The basis of the functional assumption in the tl 
Boltzmann equation, M. 8S. Green and R 
Phys. Rev. 132, No. 3, 1388 (Nov. 1963). 

On the constitution of the topside ionosphere, R. W. Knecht, 
H. Rishbeth, and T. E. VanZandt, (Proc. of NATO 
Advanced Study Inst., April 17-26, 1963, Skeikampen, 
Norway Book Electron Density Distribution in Lono- 
sphere and Exosphere, pp. 348-350 (North Holland Publ. 
Co., Amsterdam, The Netherlands, 1964). 

On a problem of G. Sansone, M. Newman, 
27-34 (1964). 

A time-varying model of the ionospheric F2 laver, H. Rish- 
beth, J. Atmospheric Terrest. Phys. 26, No. 6, 657-685 
(June 1964). 

A theoretical study of the Martian ionosphere, R. B. Norton, 
Book, Advances in the Astronautical Science Exploration 
of Mars 15, 533-542 (Western Periodicals, California, 
1963). 

Energy dependence for the photodetachement of I-near 
threshold, B. Steiner, M. L. Seman, and L. M. Branscomb, 
Proc. Third Intern. Conf. Physics of Electronic & Atomic 
Collision, London, England, 19638, pp. 537-542, (North 
Holland Publ. Co., Amsterdam, The Netherlands, 1964 

S-wave hyperon-nucleon interactions and SU; symmetry, 
P. D. DeSouza, G. A. Snow, and 8. Meshkov, Phys. Rev. 
135, 565 (1964). 

Synthesis of higher ketoses by aldol reactions, II. Unsub- 

“stituted heptuloses, R. Schaffer, J. Org. Chem. 29, 1471 
1475 (June 1964). 

Excess entropy at glass transformation, 
S. S. Chang, J. Chem. Phys. 40, 3731 (1964). 

The ionosphere and radio propagation in the lower 
quencies (a report of an AGU session by the same title), 
T. N. Gautier, Science 143, No. 3611, 1197-1199 (Mar. 13, 
1964). 

Nuclear magnetic resonances of Ga and “Ga in 
substituted yttrium iron garnet, R. L. Streever and G. 
Uriano, Phys. Rev. Letters 12, No. 22, J516 1-3 
(June 1, 1964). 

A diffusive model for the initial phase of a solar proton event, 
G. C. Reid, J. Geophys. Res. 69, 2659-2667 (June 1964 

Elementary derivation of time-correlation formulas 
transport coefficients, R. Zwanzig, J. Chem. Phys 
No. 9, 2527-2 Mav 1964). 
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A complete description of the normal subgroups of genus one 
of the modular group, M. Newman, Am. J. Math., 86, 
17-24 (1964). 

Abbreviated Calendar record, January—February 
A. H. Shapley, IQSY Notes 7, 19-25 (May 1964). 
Evidence for a cooperative intramolecular transition in 
poly-L-proline, F. Gornick, L. Mandelkern, A. F. Diorio, 
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